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ADVERTISEMENT. 



The body of this volume, like that of the preceding, 
was selected from Biot's Precis Elementaire de Phy- 
sique Experimental. 

In an elementary course of Natural Philosophy the 
space alotted to Optics is too limited to admit of any 
thing like a complete treatise. The plan adopted by 
Biot in his smaller work has been highly approved, and 
seemed, on the whole, to be best suited to the state of 
information and wants of most learners. Reference is 
frequently made to the larger work of this distinguished 
philosopher for the algebraic formulas and more detailed 
information relating to the subject undei^ discussion. 
The part upon the polarisation of light, amounting in 
the original to about one hundred and fifty pages, is 
omitted, as not comporting with the design and limits of 
the work, already perhaps too extended for the time 
appropriated to these studies. A brief account is given 
in a note of this new branch of Optics, drawn up by 
Biot himself, and appended to his translation of Fischer's 
Physique Mecanique.\ The other notes are intended 
to furnish information upon several other topics that 
have not found a place in the text. 

The parts of this course of Natural Philosophy alrea- 
dy published are, a treatise upon Mechanics, and a trea- 



t The original not being at hand, the compiler hais made use of a 
translation, contained in Coddington's Optics. 
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tise upon Electricity, Magnetism, and Electro-Magnet- 
ism. The only remaining part relates to Astronomy, 
the printing of which is already commenced. 

Cambridge, June 7, 1826. 
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General Remarks, 

1. When the sun first appears above the horizon and presents 
itself suddenly to our view, we fef 1 persuaded that there must be 
some mode of communication between this luminary and our- 
selves, which informs us of its existence without the necessity of 
our coming in contact with it. This mode of communication, 
which thus takes place at a distance, and through the medium 
of the sight, constitutes what is called light. Bodies, which are ca- 
pable of exciting it directly, and of thus making themselves known 
to us, are called self-luminous, as the sun and stars. It would 
seem, indeed, that all material substances become j|||||f-luminous 
when their temperature is sufficiently raised, and th^y lose this 
property by being deprived of their heat. If they receive light, 
however, from a luminous body, after they have ceased to be 
self-luminous, they are still capable of sending to us the light 
thus received, as if it were their own, and in this case they be- 
come visible by reflection* In this way we perceive the objects 
about us while the sun is above the horizon, and all becomes 
obscure and invisible when this light is withdrawn. 

In all cases, when an object transmits to us a sensation of its 
existence by means of light, this transmission takes place in a 
right line ; for if we place fine threads of silk or metal parallel 
to each other and in the same plane, a luminous point situated at 
some distance beyond the threads in the same plane will be 
eclipsed by them ; but if wfe move it a little out of the direction 
of this plane, it will become visible. Moreover, if we take two 
metallic plates perfectly plane and bring them by degrees to- 

qpt. 1 



2 General Remarks, 

wards each other, by directing the sight to the light of the 
sky through the space which separates them, we shall always 
be able to perceive it, however small the distance between the 
plates ; but when one plate is concave and the other convex, vision 
ceases before they are brought into contact. This fact is confirm- 
ed by daily observation ; and as it is of continual use, it will be 
proper to give it a simple enunciation. For this purpose, every 
right line, drawn from any point of a luminous body to the eye, 
has a particular designation, and is called a luminous ray ; and 
direct vision is supposed to follow the course of these rays. 
This definition may likewise be employed in a physical sense, 
to distinguish the component parts of a luminious collection, at 
least as far as our senses are capable of advancing in the process 
of dividing. For, however fine a ray of light may be, as long 
as it is sensible to our organs, we find in it identically the same 
properties as in the lai^est collfsction. 

2. It is proved by astronomical observations that the commu- 
nications established by light between luminous bodies and our- 
selves is not instantaneous. When the sun is at' any point of its 
orbit, we do not perceive its presence at this point until about 
8' 13'' after it has arrived there. When the satellites of Jupiter, 
which are small moons illumined by the sun, after having been 
eclipsed by the body of their planet, disengage themselves from 
its shaiijH a certain time elapses between the absolute in- 
stant at iRnch they are thus disengaged, and that at which we 
begin to perceive them. The interval is longer or shorter, as 
the earth is more or less distant from Jupiter, and is exactly 
proportional to this distance. Hence we conclude that the velo- 
city of light is strictly uniform throughout the whole extent em- 
braced by the earth and Jupiter in their annual revolutions. 

It follows, moreover, from these phenomena, that after the abso- 
lute instant when the satellites of Jupiter enter into the shadow 
of this planet, we still see them without it, since the sensation 
which we have of them results from their previous presence at 
a point of their orbit which they occupied a few minutes be- 
fore ; and also when they disappear, their light has already 
been interrupted for some time. Thus the communication re- 
sulting from the presence of these bodies at any point continues 
to take place even after they have left it. This communication 
then must be effected either by means of impulses propagated 
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through an elastic fluid from luminous bodies to us, as sound is 
transmitted through the air, or by an actual emanation of mate- 
rial particles from these bodies. In all cases, as the sensation of 
vision takes place even through the substance of certain bodies, 
called transparent or diaphanous^ it is necessary either that the 
impulse of the elastic fluid should continue to be propagated 
through the pores of these substances, or that the luminous par* 
tides should continue to move within them and be capable of 
passing through them. 

3. Each of these opinions has had its defenders. Those who 
are inclined to favour the supposition of an elastic fluid, dwell 
upon the facility with which this theory adapts itself to rapid 
and uniform transmission. They insist upon the improbability 
of an actual emanation of particles having the velocity be- 
longing to the particles of light, and at the same time, of such 
extreme tenuity as to be able to pass readily through trans- 
parent bodies. As to this point we must be guided solely 
by facts; for slow and rapid are nothing in themselves, any 
more than great and smalL The motion of a cannon-ball to 
us is so rapid that our eyes cannot follow it; this, however, 
b very slow compared with the revolution of the earth upon 
its axis ; and this in like mfanner is slow compared with 
the earth^s annual motion ; indeed the earth's annual motion 
falls far short of the rapidity with which light is transmitted. 
It is certainly more difficult for us to give a large body a great 
velocity than a small one, since our strength is limited ; but what 
community or what comparison is there between our limited 
powers, and the extent and kind of power which operates in na- 
ture? None, absolutely none. Accordingly, if we divest our- 
selves of this prejudice, and examine the phenomena by them- 
selves, we shall perceive that a very great part of them take 
place in a manner exactly conformable to the idea of an emis- 
sion. When light passes through transparent bodies its motion 
is precisely such as it ought to be, were it composed of a sub- 
stance, capable of being attracted hf these bodies. If we ob- 
serve its motion in gaseous or liquid substances of different 
natures, and then mix these substances, (which we suppose to be 
such that they can have no chemical action upon each other) 
the motion of light through the compound may still be calculated 
by the laws of the attractions of the component substances, pre- 



4 % General Remarks. 

viously known ; and the result of this calculation agrees exactly 
vfith observation. But who can say in what manner undulations 
must be formed ? And without being able to answer this ques- 
tion, it would seem that they must be formed according to ex- 
tremely complicated laws. In fine, it is known from other phe- 
nomena that luminous rays may be so modified and prepared 
that their different sides shall present different physical proper* 
ties ; a fact which agrees very well with a series of particles, but 
which it is much more difficult to conceive and represent, if we 
suppose a series of impulses. Moreover, these properties, relating 
to the sides of the rays, are so inherent in them that they manifest 
themselves in passing through liquids perfectly homogeneous, as 
the essence of citron, for instance, and that of turpentine ; and, if 
the rays penetrate these liquids in a direction perpendicular to 
their free surface, which seems to give to pulsations all the con- 
ditions of perfect symmetry, they continually exhibit during their 
transmission properties not symmetrical about the perpendicular 
to the face of incidence ; this it would be very difficult to com- 
prehend on the supposition of transmitted impulses, but is very 
easily understood if we admit the theory of luminous particles 
having different properties on their different faces, and being 
successively submitted to the actions of the particles of a homo- 
geneous medium through which they pass. 

In what I shall hereafter offer on the phenomena of light, I 
shall employ this theory which supposes it material, and which 
affords in almost all cases great facility of conception and repre- 
sentation ; then, when we have studied the phenomena in this 
manner, I shall present the views that must be substituted ac- 
cording to the system of undulations, and apply them to some 
phenomena, for which this system offers an easy explanation, 
while we have never yet been able to deduce them from the hy- 
pothesis of the materiality of light. 

4. In this exposition we have considered vision as propagated 
from the object to the eye, but it is not on the external surface 
of the organ that the senj^tion lakes place ; it is in the interior, 
and according to common opinion, on a nervous membrane which 
covers the back part of the eye, called the retina. Indeed, when 
the different media, composing the other parts of the organ, hap- 
pen to be hardened or affected by disease, so as to prevent the 
light from reaching the retina, the power of vision is destroyed ; 
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but it is again restored when the parts of the organ which have 
become opaque are removed. Each of these parts may be sep- 
arately removed without entirely destroying the sight; but if 
the retina is affected, the power of vision is lost forever. We 
know, moreover, that two large nerves, proceeding from the 
brain, spreading over the posterior surface, and branching out 
into an infinite number of ramifications terminate in the retina, or 
to speak more correctly, the retina itself is only an expansion 
of these nerves. Now we know that in all the other organs, 
sensation is propagated by the nerves. This analogy confirms 
the supposition that the sensation of vision takes place imme- 
diately at the retina, either by impulses propagated through an 
elastic fluid, if light be transmitted by undulations, or by the 
direct impression of luminous globules if light is material. I shall 
treat more particularly of the internal structure of the eye, after 
having made known the theory of optical instruments ; for the 
eye itself is an optical instrument so perfect and admirable, that 
the most profound examination fails of comprehending all its 
wonderful properties, and the most exquisite art has not succeed- 
ed in imitating it. Thus far these preliminary observations will 
suffice ; we shall confine ourselves to the consideration of the 
back of the eye or the retina, as the centre of the organ of sight. 

6. When we view an object sufficiently great to be percepti- 
ble, the rays coming from its opposite extremities, arrive at the 
eye in different directions, and consequently cross each other so 
as to form a certain angle at their point of incidence before the 
pupil. This is called the visual angle or the apparent diameter 
of an object, since, in fact, as we shall see hereafter by many 
examples, we judge of the actual bulk by the size of the visual 
angle which it subtends in the eye, together with the idea we 
have of the distance at which we suppose it to be placed. 

When light passes from a luminous body to us, it always 
comes through different media, such as air, water, or other trans- 
parent bodies, whch afford it a passage more or less free. The 
rays upon entering these bodies, sometimes pursue their course 
in a straight line; but most commonly they are turned from 
their original direction, and this phenomenon is called refraction. 
Besides this cause of deviation, it frequently happens that light 
meets with smooth surfaces which send it off or reflect it^ by 
which objects are presented to our sight in an indirect way, 



6 General Remarks* 

when we happen to be m the direction of the rays thus reflected* 
We shall study the refraction and reflection of light in succession. 
It would seem proper to begin with the first of these classes of 
phenomena, since, as we ourselves are immersed in a material 
fluid, the air, vision cannot take place without the action of the 
air upon the luminous rays ; but as this action is very feeble, 
and hardly turns them from their natural direction, we shall 
defer this subject, and begin by investigating the laws of the 
phenomena of reflection, which are much more simple, and 
which, taken together, constitute the first branch of the science 
of optics, called caloptricsM 



CATOPTRICS. 



General Laws ofReJUction. 

6. In order that the surface of a body may reflect the light 
regularly and give a distinct image of the luminous points 
by means of which it is rendered visible, it must be care- 
fully polished, that is, its little inequalities must be removed, 
as far as possible, by friction. Such is the state to which glass, 
crystals, and metals, are reduced by airt. We shall first consider 
the phenomena presented by surfaces thus prepared ; and after- 
wards endeavour to show in what manner the polishing con- 
tributes to the effect in question. 

To proceed methodically in the study of the laws of reflection, 
we shall begin by determining what these laws are with respect 
to plane surfaces. It will be easy to extend them, when thus 
determined, to curved surfaces. For, in all the modifications 
which light undergoes, by the action of bodies of a sensible ex- 
tent, the luminous rays may be considered, (at least, as far as they 
are perceptible to our senses) as mathematical straight lines ; so 
that at each point of a curved surface, reflection takes place 
in exactly the same manner as if the ray fell upon a plane 
touching this point; and since we may always calculate the 
position of the tangent plane for all the points of a given surface, 
it follows that the reflection of light from any curved surface 
whatever will be a subject of pure calculation, when the laws 
according to which it takes place from plane surfaces are once 
known. 

7. For the purposes of this inquiry, and with respect to optical 
experiments in general, it is indispensable that we should be 
provided with a room which receives the direct rays of the 
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sun during a part of the day, at least, and which is furnished 
with window-shutters made very tight, so that it may at any 
time be rendered completely dark. In one of these shutters an 
aperture is supposed to be made of any convenient size, and 
covered with a metallic plate, pierced with several holes of un- 
equal diameters, and capable of being opened or shut at pleas- 
ure. One of these holes being opened when the rays of the 
sun fall directly upon the shutter, the light will enter the room 
in the form of a beam or fine collection of rays, which become 
sensible by being reflected from the particles of dqst floating in 
the atmosphere. We shall hereafter make known a more con- 
venient and ingenious apparatus ; the one just described will 
sufiice for the present. 

Now if this beam be made to fall obliquely upon a polished, 
transparent plate of glass, placed horizontally, the following ap- 
pearances will be exhibited ; 

(1). The luminous beam is not wholly transmitted through 
the surface. A part is reflected upward, in a direction depend- 
ing on its obliquity. If the eye be placed any where in this 
direction, a lively, brilliant image of the sun will be visible, 
which seems to come from beneath the glass in the direction of 
the floor. 

(2.) The point where the beam of light meets the plate is visi- 
ble from every part of the room ; but when thus viewed no 
regular image of the sun is presented, and the light is incom- 
parably less brilliant than when the eye of the observer is placed 
in the direction of the reflected beam. 

(3.) A portion of the incident light escapes reflectioh at the 
first surface of the plate and passes to the interior. Arriving at 
the second surface, another partial reflection takes place, and 
the remainder passes into the air beneath the glass. 

If we now consider the phenomena presented by the first sur- 
face, we shall observe that there are three distinct operations. 
A part of the incident light is reflected regularly in a particular 
direction ; another part is reflected indifferently in all directions, 
as if the body were not polished ; and finally the remainder is 
transmitted without being reflected. To distinguish these two 
modes of reflection which take place in the same body, I 
shall call the first specular reflection^ since it is this which 
gives a regular image, whatever be the reflecting surface. I 
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shall caH the other mode radiant reflection^ because it scatters 
the light in all directions about the point of incidence, as if this 
point had by itself a radiating power. 

If we substitute for the plate of glass one of polished metal, 
the two first only of these phenomena will be observed. The 
polished metal reflects regularly one portion of the incident 
light, disperses another portion, and absorbs or extinguishes 
the rest ; this remainder answers to what the transparent body 
transmits. 

By confining ourselves, therefore, for the present to the two 
first phenomena which constitute reflection, we shall in the first 
place inquire into this dissemination of light which renders the 
point of incidence visible from all parts of the dark room. If 
we repeat the experiment with diffierent reflecting bodies, and 
with the same body having different degrees of polish, we shall 
soon perceive that the imperfection of the polish is the determin- 
ing cause of the phenomenon. For, the greater this imperfec- 
tion is, the nature of the reflecting body remaining the same, the 
more considerable is the portion of light thus dispersed, and the 
more feeble, on the contrary, is the specular reflection. To be 
convinced of this, we need only take a plate of glass, having a 
plane but unpolished surface, and to present it successively, un- 
der different angles of obliquity to a solar ray, introduced into a 
dark room. When the ray meets the plate in a direction nearly 
perpendicular to its surface, the portion of light reflected specu- 
larly will be insensible ; the radiant portion, on the contrary, 
will be very strong, and will render the point of incidence daz- 
zling ; but by inclining the reflecting surface to the ray, we shall 
find that this portion becomes less, and the specular reflection 
beginning to take place, gives at first a feeble reddish light; soon 
this light increases, and finally, when the ray becomes nearly 
parallel to the surface of the plate, it will be almost as strong 
and as white, as it would be from glass highly polished. Analo- 
gous results are observed, if instead of examining the reflection 
of a solar ray, we undertake to observe, by reflection from an 
unpolished plate, the images of very bright objects, for example, 
that of a building illuminated by the sun ; for while the incident 
rays make large angles with the unpolished surface, the images* 
of the objects are not distinctly formed. But soon they will 

Opt. 2 
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begin to appear when the rays begin to be inclined to the reflect- 
ing surface ; and in the end they will become perfectly bright 
and distinct with the smallest inclinations. 

Now the direction of the incident ray in relation to the reflect- 
ing surface being given, let us inquire what will be the direction 
^* of that part of the light which is reflected specularly. For this 
purpose we may make use of the instrument represented in 
figure 1, which we shall hereafter have occasion to use. It con- 
sists, in the first place, of a circular plane AZB^ placed verti- 
cally upon a firm stand capable of being levelled. The circum- 
ference AZB is graduated, and carries too metallic indices S, O, 
turning on the same centre and having two small holes S\ C, at 
equal distances from the plane of the circle. At the centre C is 
placed a plate of polished glass, CG^ which, by means of screws, 
is fixed perpendicularly to the plane of the circle ; it conse- 
quently takes a horizontal position when the circle is vertical. 
In order to give it this adjustment the plane of the circle is first 
rendered vertical by being directed to the vertical bars of a win- 
dow frame or other vertical object ; a spirit level is then placed 
upon the glass plate, and the plate is moved by means of its ad- 
justing screws till this level indicates a horizontal position. Fi- 
nally, above this glass and before the centre of the circle is 
fixed a metallic plate, or thin wedge, the rectilineal edge of 
which CL forms a straight line, proceeding from the centre C 
perpendicularly to the plane of the circle ; and upon this line is 
made a light stroke C\ at the same distance from this plane with 
the hole in the indices ; so that the three points, S, O, C\ are 
always in the same plane parallel to the graduated circle. The 
instrument is now to be placed before an open window, so that 
the light from abroad may enter the hole S, and fall upon the 
glass under different angles. The index O is moved backward 
or forward till the image of the hole S is seen through the open- 
ing at O exactly upon the edge CL of the central plate. It is 
shown by experiment that this is possible ; and the point of inci- 
dence is always found to fall precisely upon the stroke C\ there- 
fore, the incident ray and the reflected ray are comprehended in the 
same plane perpendicular to the reflecting surface* This is the first 
fundamental law of reflection. Moreover, the two rays meeting 
at the axis CC of the graduated circle, their respective inclina- 
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tions to the reflecting surface are measured by the arcs J5S, AOj 
which may be read off upon the graduated circle, the divisions 
commencing at the horizontal diameter AB. This being done, 
it will be found that for all possible positions of the indices, the 
incident and reflected rays make the same angle with the reflecting 
surface. This is the second general law of reflection, and being 
taken in connexion with the preceding, it determines all the ciiv 
cumstances of this phenomenon. 

8. Through the point of incidence O suppose a line C^Z\ 
drawn perpendicularly to the reflecting surface ; the angle 
S'OZ\ formed with this perpendicular by the incident ray is 
commonly called the angle of incidence^ or simply the incidence^ 
and OOZ' is called the angle of reflection. The second general 
law of reflection, therefore, deduced from the preceding obser- 
vations, is, that the angle of reflection is always equal to the angle 
of incidence. 



Of the Plane Mirror. 

9. The laws of reflection being known, it is easy to deduce 
from them the appearances which are observed when the reflect- 
ing surface is a plane. 

Let S be a radiant point, O the eye, and AB the reflecting Fig. 2. 
plane, which I shall suppose for the present of indefinite extent. 
Among all the luminous rays which proceed from S, there will 
be one, as S/, which, after being reflected, will go to meet the 
eye at 0, in the direction 10. Then the angles SIA^ OIB^ will 
be equal, according to the second law of reflection. Now draw 
from the point S, a perpendicular SA^ meeting the reflecting 
surface in A^ and produce this line on the opposite side of the 
mirror to jD, making AD equal to AS. From the point D draw 
the straight line DO to the eye ; DO, it is manifest, will be the 
direction of the reflected ray, and the point S, where it cuts the 
surface of the mirror, will be the -point of incidence. Moreover, 
if the luminous object and the eye are considered as mathemati- 
cal points, without sensible extent, the ray, thus determined, is 
the only one which can be reflected to the eye. But the pupil 
or opening through which the Fight is admitted into the eye is 
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not a mathematical point, but a circle of sensible extent which 
in man is about 0,08 of an inch in diameter, and which may be 
represented by LL. All the reflected rays which can enter this 
aperture will reach the retina and contribute to vision. Now 
each of these rays is determined by the construction just given ; 
whence it is evident that they will form a pencil or cone 
with a circular base, the vertex of which will be Z), and 
the base LL. It is a fact, that when the eye estimates freely 
the distances of luminous points, it supposes them placed at the 
point from which the rays that enter the eye diverge. Thus to 
the eye situated at O, the luminous point, seen by reflection, will 
appear at the point D, that is, as far behind the mirror as it 
really is before it* 

If the radiant object has a definite extent, each of the radiant 
points, presented by it, will produce its own particular image, 
according to the laws which we have just explained, and the 
assemblage of these images will compose the image of the object. 
Suppose, for example, that this object is an arrow SS^ ; the 
point S of the arrow will have its image at Z), the image of the 
other extremity will appear at Z^, and the intermediate points 
will be seen in the straight line Diy. Thus the entire image 
will be comprehended between the extreme reflected pencils 
DO^ D'O ; its absolute magnitude Diy will be equal to that of 
the arrow itself; but it will appear inverted from right to left. 

According to what we have just now said respecting figure 3, 
each point of this image is regarded by the eye as situated 
where it is actually fixed by our geometrical construction. If 
we substitute, therefore, in the place of this image a real and 
similar object, that is, an arrow in every respect equal to SS\ 
placing its point at 2>, and its base at D', and if we look at it 
from the point O, the mirror being removed, we shall see it pre- 
cisely as we see the image Diy^ having the same magnitude, the 
same visual angles, and the same degree of brightness, since all 
the luminous points which compose the real object would trans- 
mit to the eye cones of luminous rays exactly similar to those 
which seem to proceed from the image. It hence follows that 
objects are s^een in the plane mirror with the same forms, the 
s^me brightness, and at the same distance, as they would be if 
viewed through the medium of the air, provided that the quan- 
tity of light is the same in the two cases; for we must make 
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aHowance for the portion of light which is transmitted when the 
mirror is transparent, or absorbed when it is opaque. 

10. What has now been said is sufficient for the resolution of 
all problems which may occur respecting reflection and visioa 
by plane mirrors. 

As the reflection of light takes place rigorously accordmg to 
the law we have just demonstrated, it may be employed witk 
great advantage in measuring the angles formed by two plane 
and polbhed surfaces. As this measurement is necessary in a 
great number of physical inquiries, and as no other method has 
ever been employed sufficiently nice and accurate for this pur- 
pose, I shall give some simple examples of the process. 

When we operate upon bodies having faces of a sensible ex- 
tent, for example, on prisms cut and polished by art, like those 
which are employed in optical experiments, we make use of 
die instrument which has already been applied to determine 
the laws of reflection. For this purpose, instead of bringing the 
glass plate 66 in contact with the edge CL^ it should be placed 
at the distance of about ^V ^^ ^^ inch^ being always made per- Fig. & 
pendicular to the plane of the circle, by means of the adjusting 
screws with which the instrument is provided. In order to give 
k this potion without other aid than that which the instrument 
afibrds, we move the index O nearly to the highest part of the 
circle, and placing the. eye behind it, we regulate the glass so 
that die reflected image of the hole O and that of the eye shall 
lietum through this hole from the fixed mark O upon the edge 
GL^ When this takes place we are sure that the ray OC^ par- 
allel to the circle, is at the same time perpendicular to the glass, 
and reciprocally that the glass is perpendicular to the plane of 
t}ie cii^cle. We then place upon the glass one of the faces of the 
prism whose angles we wish to measure. The edge of the prism 
4k DOW made to slide under CL^ by turning it in such a manner 
tllQt the upper surface shall also be perpendicular to the plane ' 
of the circle; and this condition is fulfilled when, the index S 
l^afalg placed in any point of the circumference, its image, as 
4MI through the other index, moved to a correspondmg point, 
||)peani on the mark O. Let S and O be the positions of the 
tmm- indices answering to this condition. Then it is evident that 
jy*| tho centre of the arc SO (a point easily determmed by means 
cCtiie divisions upon the arc) is in the direction of the line rais- 
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cd from the centre C perpendicularly to the reflecting surface* 
Moreover, CZ is perpendicular to the other face ; therefore the 
angle ZCN^ measured by the arc ZN^ is the angle comprehended 
between the two surfaces of the prism, and which it was propos- 
ed to determine. This ingenious method, which was invented 
by M. Cauchoix, requires but little time and is very accurate 
in its results. 

11. The same principle differently applied, has led to a great 
number of instruments analogous to this, which are called goniom' 
eters^ that is, instruments for measuring angles. They will be 
easily understood after what has now been -said, for the means 
of observation and verification are essentially the same in all. 
I shall nevertheless describe that invented by Dr Wollaston, 
because it is particularly applicable to mineralogy. 

This instrument, represented by figure 7, is composed of a 
vertical circle of copper, graduated on its edge, and turning 
about a horizontal axis AA* It is itself supported upon a verti- 
tical foot CP. Within the axis AA^ made hollow for the purpose, 
turns the axis a a, the projecting extremity of which carries sev- 
eral pieces having rectangular movements, upon which are 
fixed, with pincers or wax, the crystal whose angles are to be 
measured. To make use of this goniometer, we stand before 
a building having several horizontal lines parallel to each other; 
we then place the base of the instrument on some horizontal 
plane, so that the limb shall become vertical and perpendicular, 
or nearly perpendicular, to the lines which are to be employed 
as sights. The first condition is easily fulfilled by arranging 
the plane of the limb along some of the vertical lines presented 
by the building. This being done, we place the eye very near 
the crystal, and looking at the building by reflection from one of 
its faces, we turn this in such a manner, that one of the horizon- 
tal lines the most elevated, thus seen, shall coincide with one of 
the inferior lines seen directly. I shall mention soon how we 
may arrive at this condition. When we have obtained it, we 
turn the interior axis a a, until the same coincidence shall be 
observed likewise on the other face, whose inclination to the 
first we wish to measure. We arrive at this by several 
trials. Now when this coincidence can be thus obtained succes- 
sively upon the two faces without changing the place of the 
eye, without touching the crystal, and by the rotation merely of 
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the axis a a, we are sure that the intersection of the two surfaces 
is exactly horizontal, and consequently parallel to the axis a a. 
Then we do not touch the crystal, but setting out from one of 
its positions, in which the reflection is observed on one of the 
two surfaces, we turn the limb until the reflexion and the coinci- 
dence are observed likewise on the other. This motion takes 
place by means of the great axis AA^ which turns with the axis 
a cLf the crystal and the limb. The arc by which this has turned, 
is measured by the division traced upon the limb, and it is evi- 
dently equal to the supplement of the angle formed by the two 
surfaces. But the division traced upon the limb is written in a 
manner to indicate the angle itself, at least when we first put 
the index on the point zero. 

In order that the application of this method may be easy and 
sure, it is necessary that the dimensions of the crystal and its 
distance from the eye should be infinitely small, compared with 
the distance of the objects used as sights. For if this is observ- 
ed, the fixed position of the eye is no longer a necessary condi- 
tion any more than it is in observations made at sea with instru- 
ments of reflection. Thus by placing the eye very near the 
crystal, the approximation of the lines of sight may be considered 
as indefinite. Dr Wollaston was accustomed to place the instru- 
ment in a chamber at some distance from the window, the bars 
of which were used as sights, and of which the upright parts 
served to place the instrument in a vertical plane. But without 
the address of this practised observer, sights so near could not be 
safely employed ; for the liability to error increases with their 
nearness. We may in general make use of the horizontal 
and vertical lines of an edifice sixty or eighty yards distant ; 
then, to render the first face of the crystal perpendicular to the 
limb, we first direct the shaft t o parallel to its surface ; then, Fig. 8. 
without taking it from this direction, we turn it upon its axis 
until the reflected image of one of the horizontal lines becomes • 
parallel to the direct image, and a coincidence may be effected 
by the mere motion of the axis a a. We then see if the same 
condition is fulfilled for the other face of the crystal, and as in 
general we find it is not, we effect it by turning the branch b c 
about the point c without touching the shaft t o ; this motion being 
perpendicular to the plane of the limb cannot alter the perpen- 
dicularity of the first face ; but for greater security we turn the 
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axis a a to effect the coinridence ; and as this is almost always 
necessary, if it have been subjected to any deviation, the correc- 
tion is applied by the single rotatory motion of the shaft t o upon 
its axis. After one or two verifications of this kind, the coinci- 
dence upon the two faces will take place exactly, and their incli- 
nation may be observed. One advantage peculiar to this goniom- 
eter, is, that it enables us to measure the angles of the smallest 
fragments of a crystal, to which it is exclusively and exactly ap- 
plicable ; and this property is so much the more valuable, as the 
small crystals seem to be the only ones in which a perfect regu- 
larity of internal construction is to be looked for. 



Of Curved Mirrors. 

12. In order to discover and determine generally the apparent 
place, form, and magnitude of images, reflected by curved mir- 
rors, whatever be their figure, it is sufficient to consider the 
reflection of each luminous ray as taking place upon a plane, 
tangent to the surface at the point of incidence. We can thus 
extend to all surfaces by the calculus, the results which we have 
obtained for the plane mirror. But it is unnecessary to make 
our calculations so general, for in practice we employ only con- 
cave and convex spherical mirrors, these being the only forms 
which can be accurately made and polished. Indeed, we can- 
not obtain from these perfect images except when the luminous 
rays fall upon the surface nearly in a perpendicular direction. 
This, therefore, will be the only case which we shall need to 
examine. 

In order to determine with exactness the circumstances to be 
considered, let us imagine, in space, a luminous point sending 
forth rays upon the different parts of any spherical surface either 
concave or convex ; and considering one of the rays separately, 
let us endeavour to determine the direction which it takes after 
reflection. We must remember that reflection takes place 
always in the plane which passes through the luminous point 
and the perpendicular erected at the point of incidence. This 
pcriH'ndicular is the radius of the sphere ; so that reflection 
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takes place in the plane of the great circle drawn through the 
luminous point and the point of incidence. 

Let M.iM' be the intersection of the mirror by the plane Fig. 9. 
in question. In this plane at S we place the luminous point, and 
designate by SI the incident ray which we are to consider. 
From the point / to the centre of the sphere we draw the per- 
pendicular /C, and taking the angle CIR equal to C/S, we have 
JR for the direction of the reflected ray. 

Since we wish to confine ourselves to the incident rays which 
are nearly perpendicular, the angles CIR, CIS, must be very 
small, even for the rays which fall near the edge of the mirror. 
This requires too things; (I.) That the surface of the mirror 
should comprehend but a small number of degrees of the sphere 
of which it is a part. (2.) That the incident ray SA, drawn 
from the radiant point S to the centre of figure of the mirror Jl, 
should make a very small angle SAC with the central perpen- 
dicular AC, which is called the axis of the mirror. 

13. These two conditions being fulfilled, if we apply to each 
ray, proceeding from the point S, the construction which we have 
just given for SI, we shall find by the figure, as well as by calcula- 
tion, that the reflected rays will pass very near each other, 
within a small space yj called the focus, which may be consider- 
ed as a point ; so that if it be situated before the mirror, it will 
give the image of the point S. This is in fact cohfirmed by ex- 
periment, as we shall presently see, but we must first determine 
the situation of/ for every given situation of the luminous point. 

For this purpose, we begin with the case where this point is 
situated in the axis AC produced at so great a distance that all „. 
the rays proceeding from it may be considered, for the extent n 
embraced by the mirror, as parallel to this axis. We now find 
that the focus F is situated precisely at the middle point of the 
axis of curvature AC of the mirror, at equal distances from its 
surface and centre. The interval Af^ thus determined is called 
the principal focal distance of the mirror, and the point F is called 
the principal focus. When the mirror is concave toward the rig. ift 
radiant point, the principal focus is situated on the same side 
with this point, before the mirror, and in this focus is a real con- 
centration of light. But if the mirror is convex, the principal Fig- ^^' 
focus falls behind its surface, and th« reflected rays not being 

Opt. 3 
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able to pass through the mirror to arrive at it, the focus F only 
indicates the imaginary point of meeting of these rays produced. 

14. This case being resolved in a general manner, nothing is 
more easy than to find the place of the focus for all other pos- 

g. 12. sible situations of the radiant point. For example, let S be this 
point. Among all the rays proceeding from it, draw SI parallel 
to the axis AC of the mirror. SI being reflected will pass into 
the focus F of parallel rays, situated at the middle point of AG; 
so that the reflected ray will be IF. Drawing now SA to the 
centre of figure of the mirror, this ray will evidently be reflected 
on the opposite side of the axis AC^ forming with it equal angles 
on the two sides ; and this reflected ray will be Af. Produce 
/jFand .4/ till they meet; th6 point/ will be their focus, and it 
will be the focus also of all the other rays which proceed from 
S. The results obtained by construction being expressed alge- 
braically, we shall have a general formula for determining all the 
successive values of the focal distances, for all possible curva^- 
tures of the mirror, and for all the difierent distance^ of the radi- 
ant point from its surface. Thence we easily determine the 
distance, position and form of the images, given by all objects of 
a sensible extent ; for each point of the object sends to the mir- 
ror a cone of luminous rays which has its focus at the point 
indicated by the formula, and the assemblage of these foci forms 
the image of the object. 

In order to verify these observations by experiment, we must 
take for the object a body of small extent, so that even if it be 
brought within a small distance of the mirror, the inclinations of 
the rays which proceed from it may not exceed the limits sup- 
posed in our approximations. This object must also be very 
luminous, and of such a form that it may be easily known if its 
image is erect or inverted. Nothing better fulfils all these con- 
ditions than the flame of a taper, held nearly in the axis of the 
mirror, and presented successively at difierent distances from 
the surface. 

15. We begin with supposing the mirror concave, and place 
the taper SS^ at a considerable distance compared with the diame- 
ter of its concavity. Then, since the incident rays may be con- 
sidered as sensibly parallel, the image//' will be formed nearly 
in the principal focus of the mirror at the middle point between 
its surface and its centre of curvature. The taper is not to be 
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pl&oed pr^isely in the direction of the axis, but a little to the Fig. 15. 
right or left of it, so that the image may be formed on the oppo- 
site side of the axis. If we then place in the focus a plate of 
ground glass and look at it from behind, we shall see painted 
upon it a little image of the taper, very bright and moreover 
inverted, as we are taught to expect both from calcalation and 
our graphic construction. We may also remove the glass and 
look simply at the image, placing the eye in the direction of the 
rays which proceed from it, and at such a distance as would be 
convenient for seeing a real object distinctly. Now if the object 
be gradually brought nearer to the mirror, the focal distance in- 
creases, and the image recedes towards the centre of curvature, 
preserving always its inverted position and increasing in size ; 
and when the object reaches the centre, they unite and coincide 
throughout ; if the object be brought still nearer, they separate 
and the image continues to recede, still increasing in size, and 
still inverted, of which we may satisfy ourselves by looking at 
it from behind, either with the naked eye or throue;h a plate of 
ground glass. These appearances continue till the object reaches 
tke principal focus F when the image is removed to an infinite 
distance from the mirror and is infinitely great, so that it is im- 
possible to place oui'selves in a situation to see it. But if the 
object continue to approach the surface of the mirror, the image 
reappears behind the surface on the side opposite to the obser- 
ver. It is now very large and erect ; but as the object ap- Fig. is. 
pfoaches it diminishes in size, still remaining erect, and finally 
when the object touches the surface, it becomes equal to the 
image, and is situated on the same surface. In the second series, 
when the image appears behind the mirror, it is no longer a 
real collection of light, but the imaginary place from which the 
reflected rays would diverge, if produced beyond the mirror, 
each in the direction determined by reflection, as represented in 
the figure. 

16. The appearances produced by convex mirrors have much 
less variety. The image in this case is always imaginary, and 
is situated behmd the mirror, so that it may be seen with the 
naked eye, but cannot be received upon a plate of ground glass. 
When the object is placed at a very great distance from the p;, ^ 
mirror, the image appears in the principal focus, erect, and much 
smaller than the object itself would appear at an equal distance ; 



20 Catoptrics. 

it approaches the surface of the mirror as the object approaches, 
remaining always erect and increasing in size, till finally they 
coincide upon this surface. 

When we wish to make use of spherical mirrors in experi- 
ments requiring great exactness, we must be able to determine 
their foci. If the mirror is concave, it is placed in a room par- 
tially darkened, at some distance from a window, from which 
may be seen different ol^ects at a suflScient distance. Its con- 
cave side is then turned towards the window ; and it is inclined 
a little to the right or left, as in figure 15, so that the focus of 
reflected rays may be thrown into the dark part of the room. 
We next place in this direction a plate of polished glass, or a 
piece of white pasteboard //, which may be brought nearer or 
removed further from the mirror, till an image of the proposed 
object abroad is distinctly painted upon it. When the point 
required is found, we measure its distance from the centre of 
figure of the mirror, and take the double of this for the length of 
the radius of curvature. But this method requires, agreeably to 
what we have before said, that the surface of the mirror should 
coniprchend but a small part of the sphere to which it belongs ; 
otherwise the reflected rays would not, strictly speaking, rigor- 
ously meet at any single focus, and the approximation which we 
have made use of would be inapplicable. 

17. If the mirror is convex, the operation is more diflScult. 
In this case we paste upon one of its diameters a strip of black 
^^' paper ZX), and make in this two small circular apertures, at 
equal distances from the centre of figure. The rays of the sun 
arc then made to fall upon the mirror; and those which are 
reflected from the two apertures being produced, their imaginary 
point of diverging is the focus of parallel rays. Measuring their 
departure from each other at different distances from the surface 
of the mirror, we easily calculate their point of meeting ; and 
the distance of this point from the surface is half of the radius 
of the sphere. This method is evidently not capable of much 
exactness ; but if it were necessary to be very accurate in our 
measurements, which rarely happens with this kind of mirrors, 
we must make use of the spheromctert. We can still collect by 



t See note subjoined to this treatise on the spherometer. 
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a concave mirror the reflected rays, fix the point of their con- 
vergence and deduce from them the primitive focus, which will 
be the focus of the concave mirror proposed. 

1 8. When we wish only to verify by observation the results 
obtained from calculation, it is of little importance whether we 
use mirrors of metal or of glass* It is nevertheless necessary to 
remark, that with the latter substance we have always two 
images, one reflected from the first surface, the other from the 
second. The latter of these is usually the brightest, because 
there is applied to the posterior surface of the glass an amalgam 
of tin, in order to render the reflection more intense ; so that in 
strictness such a mirror is composed of two others, a first of 
glass and a second of metal. This doubling of images is not 
attended with any serious inconvenience when we wish only to 
observe the general results of reflection ; but it would be fatal 
where much accuracy is required ; especially if the images are 
magnified by lenses placed near the eye, as is the case in astro- 
nomical instruments. Therefore, metallic mirrors are the only 
ones we can make use of. We shall see in one of the following 
sectkms, the manner in which they are to be employed in con- 
structing the instruments which are called reflecting telescopes. 
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j 19. Most optical experiments, especially those which have 
/ for their object to determine the physical properties of light, are 
performed upon solar rays admitted into a dark room through a 
very small aperture in the window-shutter. But this method is 
attended with two inconveniences ; the first is the obliquity of 
the sun's rays to the horizon ; the second is the continued mo- 
tion of the sun. 

By the oblique direction of the rays, they are determined 
towards the floor on entering the room, and we are confined in 
our experiments to a small space. From this same cause also 
they can be retained only for a small part of the day, and we 
are thus limited as to lime and the convenience of continuing our 
experiments in the same place. Finally, on account of the mo- 
tion of the sun the direction of the rays is perpetually changing, 
and we arc every instant obliged to change the situation of the 
objects we would present to them. 
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20. These difficulties are removed by means of an instrument 
invented by S'Gravesande. It is called a heliostat^ because it 
enables us to direct and fix the rays of the sun in any manner 
we please, 
fig. 19. rpjjjg instrument is composed of two principal parts, a plane 
metallic mirror MM^ and clock-work hj which the mirror is 
continually changing its position so as to keep the reflected beam 
always in the same direction. 

The mirror is made of metal instead of glass, to avoid the 
inconvenience of a double reflection. That it may take freely 
every possible position, it is so mounted as to have two motions 
of rotation perpendicular to each other, one about a horizontal 
axis .4.^, and the other about a vertical axis CP^ which serves 
also as a support. 

The clock-work is connected with the mirror by means of a 
shaft CQ, attached perpendicularly to its posterior surface, and of 
which the extremity Q is carried by the hand OR of the dial, 
by means of the piece jPF, separately represented in figure 20. 
This piece, which is made in the form of a fork, has a cylindri- 
cal shaft q q^ which enters freely into a hole made near the extrem- 
ity R of the dial hand, perpendicular to its direction, by which 
arrangement the fork is capable of turning about its axis 99. 
Between the branches of this fork is a small cylindrical tube t f, 
which turns freely about an axis of rotation a o, perpendicular to 
the direction of the fork. Combining this motion with that of 
the fork itself about its axis q q^ it will be seen that the little tube 
may take in space all imaginable directions. Now if we wish to 
attach the shaft of the mirror to the clock-work, we take off the 
fork FF^ and introduce the extremity Q into the tube t f, which 
has precisely the same diameter ; the axis of the fork is then 
replaced in the extremity of the dial-hand, the motion of which 
is thus communicated to the mirror. But in order that the mo- 
tion of the mirror may be such as to keep the reflected beam in 
the same direction, the dial must have a position parallel to the 
plane of the equator ; and there must be a certain relation be- 
tween the distance and the positions of the mirror which cannot 
be determined or even explained without the aid of the calculus.t 

t For a full account of the principle of this adjustment, see Biot's 
Traite de Physique, Tom. iii, p. 176. 
A more simple form of the heliostat is sometimes used. Let 
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Of ike Forces which produce the Reflection of Light at the Surfaces 

of Bodies* 

21. When we have found by experiment the actual laws of 
reflection, we must next endeavour to refer them to mechanical 
causes, that is, to assign systems of forces capable of producing 
the same effects. For if we can discover such forces, we are 
carried at once to the source of the phenomena, we know all 
their natural and necessary relations; and instead of involv- 
ing ourselves in details we have only to examine them in their 
principles, which is far more simple. Let us endeavour then to 
assign the cause of the phenomena of reflection. 

Since we consider light as matter sent forth by the luminous 
body, we shall seek the conditions to which its particles must be 
subjected, in order that the phenomena may be such as obser- 
vation indicates. If we proceed with rigor in this inquiry, the 
conditions which we shall obtain will be so many properties be- 
longing to light, or to the bodies which act upon it, and which 
will thus serve to characterize its nature, and the kind of action 
it experiences from these bodies. If we would afterwards con- 
aider light as the effect of pulsations, impressed upon a very 
dastic medium, these results will not lose any of their value, for 
tbey will become so many characteristic conditions, which it is 
necessary to apply to these pulsations, and the mode of trans- 
mission which bodies admit of their possessing. It is thus that 
physical hypotheses are useful when we regard them simply as 
the means of connecting; temporarily, phenomena, the cause of 

the dial plate ^S be placed parallel to the plane of the equator, 
aad be made to turn uniformly once in 24 hours by clock-work ; 
I0d Ki|^KMe a mirror attached to its under surface, and moveable 
Qi in axis coinciding with this surface, and capable of being so 
•j^osted as to reflect the sun's rays perpendicularly through an 
IpMnre in the centre of the dial plate. The uniform motion of 
tk9:di«l plate and mirror will preserve the reflected beam constantly 
in a direction parallel to the axis of the earth. Then, by means of 
t fixed mirror, this beam may be brought into a horizontal or any 
nther position that may be required. 
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which is not known to us ; and such is the nature of the undcF- 
standing, that we cannot without this aid, follow the connexion 
of a series of facts, the principle of which is not discovered. It 
is thus that the astronomer, who is unable to comprehend gen- 
erally in his formulas the course of a heavenly body, when it is 
very complicated, calculates successively the different parts of 
its path adapted to different orbits, which are not respectively 
applicable, except through a small extent, and which are changed 
according as it is found that they become erroneous. 

When we consider light as an actual emission from the lumi- 
nous body, the phenomena of specular reflection seem, at first 
sight, to be simple results of the elasticity, which causes the lumi- 
nous particles to be reflected from the surface of polished bodies, 
as an ivory ball rebounds from a marble table, making the angle 
of reflection equal to the angle of incidence. But this idea which 
first presents itself, and which was also first adopted, will not 
bear examination. 

22. Without being acquainted with the absolute dimensions of 
the particles of light, it will be readily understood that they 
must be exceedingly small, so small that the most powerful mi- 
croscopes cannot magnify them to a perceptible size ; if it were 
otherwise, how could they pass, as they do, through large 
masses of glass, water, and other transparent substances, not 
only without any retardation, but, as we shall presently show, 
with an accelerated motion. And finally, when with their 
incredible velocity, they fall by millions every instant upon the 
delicate membranes of the eye, how happens it that the organ 
is not torn in pieces, and that we do not suffer a thousand pangs, 
unless it be true that the particles are so minute as to render their 
impulse almost insensible ? Now I ask what proportion there 
can be between the particles of light and the inequalities which 
still remain upon bodies, polished by processes of art? And con- 
sidered in irelation to light, what difference is there between 
bodies polished and unpolished ? For in polishing bodies we only 
rub them, as it were, with small and hard particles of dust, 
which indeed remove their greater inequalities, but leave them 
furrowed in every direction. But these particles of dust, which 
we can recognise with a microscope and even discover with the 
naked eye, are vast masses, and the furrows which they leave 
upon bodies are of immense depth, compared with the particles of 
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light. If light, therefore, coming in actual contact with the sur- 
face of bodies, were reflected by the mere force of elasticity, the 
little particles of which it is composed would be dispersed in 
every direction by the elevations, or lost in the deep cavities, of 
these bodies; and reflection from the most carefully polished 
would be hardly more perfect than that from the most rough. 
But, since reflection from polished bodies is much more abund- 
ant, more perfect and regular, we infer that it is not the mere 
mechanical efiect of elasticity, and that the particles of light do 
not come in actual contact with the polished surface. 

23. The force by which the rays are rei)elled, acts therefore 
at a distance from the solid surface. It acts, moreover, in gen- 
eral, unequally upon the different particles of the same ray. For 
m most cases, in which reflection takes place, one part of the 
incident light is reflected and another transmitted, cither because 
the repulsive force is variable in its action, being at one moment 
more active and feeble than at another ; or, as seems most pro- 
bable, because all the luminous particles which follow each 
other successively in the same ray, are not, at the moment of their 
incidence, in the same physical state, and equally susceptible of 
being repelled. 

-. 94. As to the nature of the reflecting force, we are entirely 
. unacquainted with it. We do not know whether it belongs to 
the particles of the reflecting body or to those of light ; whether 
it acts by repulsion or attraction ; and, considering only its gen- 
eral effects, we might represent it by numberless mechanical 
causes. But without attempting to determine its nature, we may 
always compare it to a repulsive force acting at the points of 
incidence, and tending to repel a certain, number of the particles 
which compose the incident rays. * 

Let us suppose that the waving line AB represents the plane Fig. 21. 
Iiirface of a body covered with natural asperities, or those which 
M cannot remove, and let us imagine that all the points of this 
inface, or more generally, that all the particles of the two con- 
%II0U8 media which compose it, exert at a certain distance a 
ifpblsive force upon the luminous particles which approach it. 
Tins force must be very powerful at the distance where reflec- 
tion takes place, since it is then suflScient to destroy the prodig- 
ious velocity with which the particles of light are impelled, and 
Opt. 4 
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to turn them back in the opposite direction ; but it must diminislt 
rapidly as the distance increases. For, if it were otherwise, the 
direction of the reflected rays would be affected by the parts pf 
the reflecting body, which are at a sensible distance from the 
point of incidence, and then this direction wo,uId depend upon 
the general form of the reflecting surface, whereas it i^ deter- 
mined solely by the direction of the superficial element, which 
the ray strikes upon ; and it really takes place as if all the 
rest of the reflecting surface did not exist. Moreover, if the 
thickness of the reflecting body be gradually reduced by grind- 
ing away the second surface A'B% without altering the first, the 
regularity and amount of the reflection are not at all effectec^, 
at least till the body is brought to an extreme degree of thin- 
ness, scarcely attainable by art. Thus the particles situated at 
a greater depth than this limit, cannot extend their influence to 
the reflecting surface, or at least to the distance from it at which 
reflection takes place ; and since their force, which is so great 
at very small distances, is diminished to such a degree as to 
become insensible at a little depth, it follows that it decreases as 
the distance varies with very great rapidity. This will, there- 
fore, be one of the characters which we ought to recognise, 
25. Let us now suppose that a beam of parallel rays of li^ht 

^ig. 22, SJtf, S'M\ falls at any angle upon the reflecting surface AB of 
indefinite extent, and let us consider what takes place with res- 
pect to the lummous particles M^M\ when they are near enough 
to begin to feel the repulsive action of the particles of th^ 
body. If the surface is perfectly plane, as AB^ or which is 
the same thing, if its inequalities are insensible compared with 
the distance to which the repulsive force extends, the activity of 
this force will be the same at every point of the surface, and 
consequently, the effect upon all the particles of light JIf, M' 
whose directions, velocities, and dispositions are the same, will 
be equal. This is the case with polished bodies \ but if the 

Fig. 23. reflecting surface is broken up with large elevations £, £', E'\ 
separated by deep cavities, F^ F'^ the reflecting force cannot be 
equal at all these points. It is evident, for example, that the 
luminous particles which enter the cavities will not be reflected 
in the same direction with those which fall upon the inclined 
sides of the elevations, nor those which fall upon the sides like 
those which fall upon the summits. It may even happen that 
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iliose wbich enter the cavities are not reflected from them at all, 
being driven downward by the repulsion from the elevations. 
Such a surface can only produce a weak and irregular reflec- 
tion, like that which takes place at the surface of unpolished 
bodies; nor is it necessary ihat the inequalities of the surface 
should be so large as to be perceptible to the touch or to pro- 
ject sensible shadows from the one to the other, in order to pro* 
ducesuch an efiect ; it is sufficient that they are of sensible dimen- 
sions, compared with the distance to which the reflecting force 
extends. Of this kind are the inequalities of plane glass which 
has not yet been polished. It is plane if we consider only the 
general direction of its surface ; we can neither measure the height 
of its asperities, nor obtain points sufficiently small to be introduc- 
ed into its cavities ; but these inequalities are too great for light, 
and the oppositions resulting from them in the direction of the re- 
pelling force, weaken the general repulsion while it makes it irreg- 
ular* To remedy this inconvenience we endeavour to remove, or 
at least to diminish, these asperities by rubbing the surface of the 
glass with some substance whose own asperities are easily over- 
come, as paper or taffeta, stretched and made smooth by fric- 
tion; but we should effect the same purpose by diminishing the 
velocity of the luminous particles, uhich the repulsive force 
miist overcome before reflection can take place. Now this we 
do in fact by rendering the direction of the rays more oblique 
to the reflecting surface, that is, by causing them to form a less 
angle with its direction. For, if we conceive the velocity of the 
incident particle of light to be decomposed into two others in 
Kctangular directions, of which one is parallel to the reflecting 
surface, and the other perpendicular to it, it is evident that only 
the latter will require to be overcome by the repulsive force of 
tlie surface ; and it is also evident, that this will diminish as the 
incident ray becomes more oblique. But besides this, the obli- 
qoity is favourable to reflection in another way ; for the luminous 
particles penetrate less directly into the cavities at the surface 
of the reflecting body, and are more exposed to the action of the 
ninunits of its elevations, which form a surface sensibly plane 
(n!r to this state we suppose the body reduced,) and produce a 
umform repulsive force throughout the whole extent of its super- 
ficSes. Indeed, we find by experiment that reflection is nearly 
die saine from polished and unpolished glass, when the luminous 
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ray has a great inclination to the surface. In performing this 
experiment we may make use of the flame of a taper. If the 
glass is perfectly polished, the specular reflection takes place 
under all the different angles of incidence ; but if it is imperfectly 
polished the reflection is small, and altogether insensible when 
the rays fall perpendicularly ; but it increases as they become 
more oblique, and at length becomes as strong as from a polished 
surface. Finally, if the surface* has been simply made smooth 
but not polished, no regular reflection takes place as we proceed 
from a perpendicular incidence till we arrive at a certain degree 
of obliquity, when we begin to perceive a proper image, but 
very faint and indistinct. The reflection gradually becomes 
stronger and stronger, and at length it takes place as perfectly 
as from glass of the highest polish. 

26. This explanation of the conditions of reflection, depend- 
ing on the destruction of the part of the velocity perpendicular 
to the surface, is attended with a difiiculty which it may be well 
in this place to consider. For this perpendicular velocity being 
nothing in all those luminous particles which are parallel to the 
surface of the reflecting body, it would seem that in this case all 
the incident light ought to be reflected ; whereas it is known by 
experiment that, on the contrary, a great part of it is attracted 
by the body, and refracted, if the body is transparent, or ab- 
sorbed, if it is opaque. To reconcile these seemingly contradic- 
tory results, we must advert to a property of light, already men- 
tioned, which will hereafter be rigorously demonstrated ; it is 
this ; all the luminous particles which compose a ray of light, 
although moving with equal velocities, are not equally disposed 
to sufler reflection ; for they experience in their physical proper- 
ties certain regular periodical fits or intermissions, which, like 
transient magnetism, dispose them at one time to be attracted, 
and at another to be repelled, by the surfaces of bodies. Now 
what we have said respecting the effect of repulsion, applies 
only to those particles which are in the latter state, and which 
actually sufl^er reflection. For the remainder either escape en- 
tirely the action of the repulsive forces, in virtue of their dispo- 
sition at the moment of incidence, or they are made to deviate in 
two contrary directions before and after their passage through 
the refracting surface ; for their actual direction in the medium 
which they penetrate, is not affected, as we shall also prove. 
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27* Confining ourselves, therefore, to the consideration of 
those particles only which Actually suffer reflection, let us en- 
deavour to determine geometrically the general circumstances of 
reflection from the single condition of the existence of a repulsive 
force decreasing rapidly with the distance ; and to simplify the 
question, let us suppose the reflecting surface plane. Let then 
M be the position of a luminous particle which, moving in free Fig. 24- 
space, approaches the surface AB^ in the direction S/, and begins 
to be acted upon by its repulsive force ; let us represent the 
proper velocity of this particle by /JfcT, and decompose it into 
two other velocities, one /^, perpendicular to AB^ the reflecting * 

surface, and other MJ^ parallel to it. Since this surface is sup- 
posed to be perfectly plane, it is evident that the resultant of 
the repulsive force which it exerts, will be always perpendicular 
to its direction, and consequently perpendicular to MJ^ ; for, on 
account of the small distance at which this force is sensible, we 
may suppose, as in the theory of capillary attraction, that it pro- 
ceeds from a plane of an indefinite extent, and then there is no 
reason why it should be inclined one way more than another ; 
it will, therefore be perpendicular to the plane, and there will be 
no exception to this, unless it be at the extreme edges where the 
surface terminates ; these form an infinitely small extent which 
must be considered separately. Now, since for all the rest of 
the surface the action of the repulsive force is perpendicular to 
Jtf^, it follows that during the whole passage of the luminous 
particles, the portion MJ^ of the velocity parallel to the surface, 
will sustain neither increase nor diminution, but remain precisely 
the same. But it will be otherwise with the part /JV, which is 
perpendicular to the surface. This part will be directly opposed 
to the repulsive force, and will be resisted by it freely at first, 
when id is beginning to come within its action ; but afterward 
with increasing energy, till the whole motion of the luminous 
particle in this direction is destroyed. When this has taken 
place, the particle can go no further, and the repulsive force 
acting upon it directly, will turn it in the opposite direction and 
gradually restore to it all the velocity of which it had before 
deprived it ; till finally, having passed without the sphere of this 
action, the luminous particle will fly off in a straight line with its 
recovered velocity. 
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28^. Thus from the instant in which the luminous particle be- 
gins to be resisted by the repulsive force till the instant when it 
becomes parallel to the reflecting surface, it is constantly acted 
upon by- two forces, of which one MN \^ constant and parallel 
to the surface, while the other, perpendicular to this same sur- 
fiSice, is equal at any moment to the excess of /JV* over the inten- 
sity of the repulsive force at the point where the luminous parti- 
cle is found at that moment. If this force suflfers no fits or 
intermissions in its action, the velocity IN will be constantly 
retarded. Then according to the principles of mechanics, the' 
luminous particle in its descent will describe the first branch* of 
ar curve, which will have for a tangent the primitive direction of 
the particle, and will terminate at the point s where the perpen- 
dicular velocity^^ is wholly destroyed. But if the repulsive force 
ba« intermissions in its action that render it more feeble at less' 
distances, which seems not improbable, the luminous particle 
Fig. 25. will describe, not a regular curve, but a waving^linc, represented' 
in figure 25, till its motion finally becomes parallel to the surface ' 
in *, where it is acted upon by the constant force MX. Froiri 
this pointy the particle, being always repelled, will begin to 
recede with a velocity regularly or periodically accelerated ; and 
being acted upon by the constant force JtfJV, parallel to the sur- 
face, it will describe the second branch of a curve convex'or' 
waving towards the surface, like the first; but always symmetri- 
cal with it, since the forces which urge the particle are the same ' 
at equal distances from the surface on each side of the point s. 
From the symmetry of the two branches of the curve, the last 
tangent R'T' will make with the reflecting surface the same angle 
as the first ; and as the distance at which the repulsive force 
begins and ceases to be- sensible is extremely small, the curvili- 
neal portion of the path, which is included within the same 
limits, must also be exceedingly small ; therefore, reflection will 
seem to take place directly at the point 5, where the directions 
of the incident and reflected rays intersect each other. 

29. In what precedes, we have considered the reflecting body 
as in void space, and have thus referred reflection solely to the 
repulsive force of the particles of the body. But if we suppose 
it surrounded with air or water, or any other material medium, 
the particles of this medium must necessarily exert upon the 
light an analogous action. To determine what will then hap- 
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pen, let ps co^sidejp a Ivuninojos partide, arriMed at tbe £rst 
^lediujo^, and ^t a certain distance from their common sur« 
£ace« We caa always iinagine tbe action (whether repukiFQ or 
attractive) pjf the particles of the second medium to be decom- 
posed into two parts, M and M' ^-* JIf, one of which M is equal 
tp the action of the particles of the first medium at the same 
distance, and the other M' — Jif is the excess of the action of 
tjxe aecond medium over that of the first. Now if the second 
n)ef}ium ppssessed only the force M^ the effect would be the 
^jDune as if there wiere no change of medium, and the luminous 
particle being equally attracted or repelled in every direction, 
^puld move on without any change of velocity. This is the case 
with hpmogenepps ipedia, as water and glass, within which no re- 
jection takes place. The effect of the first part JIf, therefore, is 
always destroyed, and there remains to be considered only 
M' — M, the excess of the action of the second medium, which 
falls under thp case first examined. 

30. As to the greater or less value of this difference, it is found 
i)ot to depend on the density alone ; and we shall soon be made 
s^cquainted with media, which act with greater energy than others 
pf the same or greater density. All this is agreeable to the 
general phenomena ; for if the action of bodies upon light, and 
of light upon bodies, is analogous to chemical affinity, it is 
natural to suppose that it depends on the chemical nature, or 
even the form of the particles. 

After what we have now said, it will be readily perceived that 
we may form artificial heterogeneous media, in the interior of 
which, nevertheless, no reflection shall lake place. This is done, 
fox example, at least very nearly, when two pieces of glass are 
made to cohere by means of a lamina of thick oil of turpentine, 
ipterposed between them ; for if the junction be accurate, the 
surface of separation of the two glasses is not perceptible, and 
no reflection is produced. The oil of turpentine acts, therefore, 
in this case like the glass itself; and it is on this account immate- 
rial whether the contiguous surfaces of the glass be polished or 
unpolished. In the latter case, the liquid fills all the cavities of 
the glasses, and supplies the place of the particles which are 
wanting, thus giving to the glass a more perfect polish than it 
could receive from art. We have another example of this pro- 
perty, by throwing some small irregular pieces of borax into 
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olive oil ; for these pieces, on account of their inequalities and 
the roughness of their surface, do not transmit the light regularly 
when placed in the air; but when immersed in olive oil, the oil 
fills up their inequalities and they become transparent; and so 
little reflection lakes place at the common surface of the two sub- 
stances tJiat the limits of their separation are scarcely distin- 
guishahle. 

It will be readily understood, also, that a body transparent in 
itself, may be made less transparent and even opaque, by sepa- 
ratmg its particles from each other, and introducing between 
them a medium, which acts very differently upon the light. 
This takes place, for example, when transparent liquids are 
made to foam by the introduction of air ; for there is no doubt 
that the action of air and of these liquids upon the light is very 
different, since when their surface is covered with air a very 
brilliant reflection is produced. Now the air being introduced 
between the particles of the liquid, as many successive reflections 
take place as there are bubbles, or breaks in the continuity of 
the liquid ; and all the incident light being thus turned back or 
dispersed among the particles of the body, this body becomes 
opaque ; but its transparency will be restored by restoring the 
continuity of its parts, and this is the case with froth when by 
losing its air it returns to the state of water. The same phenom- 
enon occurs in a porous stone called hydrophane^ which is per- 
fectly opaque when dry, but becomes translucent on being satu- 
rated with water, because its action upon light approaches more 
nearly to that of water than to that of air. Hence we see that 
transparency and opacity are not qualities which belong to the 
matter of bodies, but which depend solely on the arrangement of 
their particles. This will be still more strikingly confirmed, when 
we examine by experiment the manner in which the repulsive 
force begins and increases with the thickness of the body, to the 
limit at which it ceases to be affected by the addition of new 
laminae. 
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General Laws of Simple Refraction. 

31. Having examined the phenomena attending that portion 
of the mcident light which is reflected at the first surface of 
bodies, we shall now consider the portion which penetrates 
them. 

This, when the incidence is oblique, instead of continuing on 
io a straight line, deviates from its first direction; and the phe- 
nomenon is called refraction. 

In all bodies, not crystallized, the refracted ray remains sim- 
ple, and continues on in the plane of incidence. As to the extent 
of the deviation, it depends on the difference between the na- 
ture and density of the medium which the light leaves and 
those of the medium it enters* 

If the two media are of the same nature and of equal density, 
the ray sufifers no refraction and continues on in a straight iine. 
If they are of the same nature but of diHerent densities, the lumi- 
nooa ray on entering the more dense, is attracted towards the 
peipendicular to their common surface. Finally, if both the 
nature and density of the media are different, these two elements 
conspire in the result, and the ray approaches the perpendicular 
in that medium which exerts the strongest action upon the light. 
These facts we shall establish by experiment. 

When a piece of money M is placed at the bottom of a vessel 
ABj of which the sides are opaque, it is invisible except to the Fig. 26, 
eye situated within the cone of direct rays /J/J', proceeding from 
it, and bounded at A and B by the edges of the vessel. But if 
the vessel be filled with some liquid, the piece of money becomes 
visible in a much more open cone, such, for example, as OSCy^ 

Opt. 5 
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although the cone of rays proceeding from M is the same as be- 
fore. These rays, therefore, must be bent outward from the 
vessel on entering the air; and consequently they are removed 
farther from.^JV, the perpendicular to the common surface of the 
liquid and the air, remaining always in the Vertical plane which 
contains the incident ray AM and the perpendicular AK. 
We may take another example no less familiar. If a straight 

5« 27. stick TV is plunged obliquely into tranquil water of which the 
surface is AB^ the stick appears to be broken at the point / 
where it touches the surface, and the prolonged part, although 
comprehended in the same vertical plane with the part which is 
without, seems to approach nearer to a horizontal position. To 
explain this phenomenon, let us suppose the eye situated at the 
point r, that is, at the upper extremity of the stick. If the rays 
from the liquid came to it in a straight line, the other extremity 
T* would be seen in TI produced, aud not where it really ap- 
pears^ at T'\ Now we have already remarked that we see 
objects in the direction of the rays which they send to the eye; 
since then we see the point T" above its true place, it follows 
that the ray T*I\ which renders it visible to us, passes above 
T^/, and follows the broken direction T'VT^ Consequently, if 
we draw, through the point of incidence /', the perpendicular 
^l'}f' to the surface BB^ we shall see that the luminous ray 7^/ 
on passing out of the water into the air, diverges from the perpen- 
dicular as in the last example ; but it still remains in the vertical 
plane which contains the angle of incidence. 

The deviation would take place in a contrary direction, if the 
ray passed out of air into water, in which case it would approach 
the perpendicular. To prove this, take a tub of a rectangular 
form, the sides of which are of glass ; and let ABCD represent a 

g. 29. horizontal section. Then having filled it with water, by means 
of a heliostat make a ray of horizontal light SI fall obliquely 
upon the side AB. Closing the window-shutter in order to 
darken the room, it will be easy to find the direction of the re- 
fracted ray IR. For we have only to move along the side oppo- 
site to the point of incidence CD^ a small circle of paper or 
rough glass till it intercepts the emerging ray. The point jR 
being thus found, and the line RI being drawn to the point of 
incidence, this line will be the direction of the refracted ray ; 
and comparing it to the incident ray S/, we ^hall see that refrac- 
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tion has made it approach the perpendicular J^IN^ to the sur- 
face of incidence AB. 

The phenomenon being thus established, it is important to 
determine the ratio which exists, for every angle of incidence, 
between the inclination of the incident ray to the perpendicular, 
and that of the refracted ray ; so that, knowing (he one, we may 
ealculate directly the other. For this purpose we fix accurately 
the points S and R in the incident and refracted rays, and meas- 
ure their distances SA*, R}f\ from the common perpendicular 
J^S^ 5 and we measure also the parts /.AT, /^', of this perpendic- 
ular, which are intercepted by the perpendiculars S^AT, i?^. 
Having constructed the two right-angled triangles SIX^ RIK'^ 
we shall know the angle SIN^ formed by the incident ray with 
the perpendicular, which, as in reflection, is called the angle of 
incidence. We shall have likewise the angle RIN\ formed in the 
interior of the liquid, by the prolongation of the same perpendic- 
ular, with the refracted ray IR. This is called the angle of re- 
fraciicm* We recognise the two following laws discovered by 
Descartes; (1.) The incident and refracted rays are always com* 
prthended in the same plan% perpendicular to the common sur^ 
face tf the two media ; (2.) The sine of the angle of incidence has to 
the sine of the angle of refraction 'a constant ratio for all angles 
of incidence^ when the media are the same. This ratio is called 
the ratio of refraction. 

This beautiful law is the fundamental principle of all dioptrics. 
Indeed, when the direction of the incident ray is given, as well 
as the position of the refracting surface, we may always deduce 
the direction of the refracted ray, either immediately, if the sur- 
face is plane, or if it is curved, by considering the incidence as 
taking place upon the tangent plane. Afterwards, if the form of 
the refracting medium is given, we may follow the refracted ray 
to the interior, and determine the point where it will meet the 
opposite surface, as well as the angle it will form with the tan- 
gent plane ; hence we may calculate the angle of emergence, and 
the direction of the emergent ray. 

32. The importance of this principle requires, therefore, that 
we should endeavour to establish it with the utmost possible 
exactness ; we shall presently point out the method to be pursued. 
We shall first, however, take notice of a remarkable phenomenon 
which always accompanies refraction. 
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This phenomenon consists in a dilatation of the refracted ray 
in the plane of refraction, and its dispersion through an angular 
space, the vertex of which is at the point of incidence. This 
angle is then filled with rays of various colours ; for if we place 
within it a piece of white pasteboard or of ground glass so 
as to intercept all the refracted light, we shall see painted upon 
it an oblong spectrum, in which may be distinguished all the 
colours of the rainbow, and arranged in the same order, the violet 
and red being outermost, the yellow and green in the middle. The 
violet rays suffer the greatest refraction, the red rays the least, 
the green rays less than the violet and more than the red. For 
the sake of brevity, 1 shall designate these rays by the colours 
they give to bodies. But it is evident that they are not in them- 
selves either violet or green or red, and that these names express 
only the sensations they produce in us. 

This phenomenon is called the dispersion of light ; it is more 
sensible in the same medium in proportion as the angle of refrac- 
tion is greater ; and in different media, at the same angle of inci- 
dence, in proportion as the refractive power is greater. No 
experiments can be made on refraq^ion without producing it, and 
it is for this reason that it is noticed here. But, we shall not 
at present, exaniine the phenomenon more in detail ; we shall 
confine ourselves in what follows, to considering the refraction 
of the yellow or green rays, which are nearly at a middle point 
between the others. 

33. It ought also to be mentioned that there exist substances 
in which light is not refracted in a single beam, but in two sepa- 
rate and distinct beams, each having its proper dispersion. This 
takes place in all bodies regularly crystallized whose primitive 
form cannot be geometrically reduced to a cube. One only of 
these follows the law of Descartes. The cause of the other is 
subject to a much more complicated law, which Huygen's dis- 
covered from a large class of crystals, and which has been, found 
to apply to crystals in general. This law we shall investigate 
in its proper place ; but at present we shall confine ourselves to 
the consideration of the first kind of refraction which takes place 
in all bodies, and is called ordinary refraction. The other kind, 
which is called extraordinary refraction^ takes place only in cer- 
tain bodies^ 
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Exact Determination of the Ratio of Refraction in Solid Substances* 

« 

34. The manner in which we just now measured the ratio of 
refraction and recognised its constancy, can only he considered 
as an approximation, intended to indicate the general law of the 
phenomena. This ratio must now be exactly determined. For 
this purpose, the most simple method is, to construct a right, tri- 
angular prism of the transparent substance which we wish to 
observe, then to measure the deviations of the luminous ray in 
passing through it under different angles of incidence, and to see 
if they may all be calculated according to a constant ratio of 
refraction. 

Let ABC be a section made in the prism by a plane perpen- Fig. 30. 
dicular to its edge. In this plane let us imagine a luminous ray 
SI, falling upon the prism at the point S, and refracted in the 
direction //'. By the first law of refraction, the two straight 
lines SI, II, are situated in the same plane perpendicular to the 
refracting surface ; they lie therefore in the plane ABC. The 
refracted ray, after passing through the substance of the prism, 
will meet the second surface in /', and as it passes into the air 
will be refracted anew in the direction PO, comprehended also 
in the plane of the section ABC. Then an observer, situated 
any where in this direction, as at O, would receive at the same 
time the refracted ray FO and the direct ray OS, coming imme- 
diately from the luminous object. If light suffered no deviation 
in passing through the prism, these two rays would be confound- 
ed in one. Their departure from each other, SOI, is therefore 
caused by the refraction of the first ; and in any given position 
of the luminous object, the prism, and the observer, the devia- 
tion SOF will depend directly on the law of refraction. To 
prove this law, as staled by Descartes, we have only to employ 
it in calculation, and then to compare the results with obseiva- 
tion. We may in fact thus determine the angle of emergence 
CFG, when we know the angle of incidence BIS, and the ratio 
of refraction ; and reciprocally, we may calculate the ratio of 
refraction when we know these two angles. The calculation of 
this ratio^ therefore, for different angles of incidence, will prove if 
it be indeed constant, as stated by Descartes ; and this is in fact 
found to be the case with the utmost precision. 
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35. This truth being once established, a single measurement ot 
the deviation POS^ produced by a prism of a given angle, under 
a known angle of incidence, enables us to calculate the ratio of 
refraction of the substance of which the prism is composed. 
This measurement may be made in several ways. For exaai- 
ple, if the substance be solid, wc have only to form a prism of it, 
whose angles are measured by the reflection of light, then fixing 
its base on a support capable of being levelled with screws, wo 
place it in relation to the distant signal S, as represented in 6g- 
ure 30, and then placing the instrument divided in O, so as to 
see successively with the same glass the object S, first directly, 
and then through the prism, we measure the angle of deviation 
SOS^. We also determine by observation the angles of incidence 
and emergence S/B, OFC^ with these data and a knowledge of 
the refracting angle of the prism, we can calculate the ratio of 
refraction. 

We may arrive at the same result without the distant signal, 
by using the circular goniometer employed to measure the 
angles of crystals. For this purpose we must apply the prism 
to the glass GG, figure 31, using all the adjustments and verifica- 
tions which we have pointed out to make the edge of the two 
faces coincide with the central axis of the circle ; and observing, 
moreover, that the central glass used as a support must be thin 
and its two faces perfectly parallel. Then having placed the 
index S in such a situation that the light which enters through it 
shall be refracted by the prism, we move the other index O, till 
the eye placed behind the opening O, perceives the image of S' 
by refraction. When this takes place, the division of the circle 
will give the measure of the angles which the incident and re- 
fracted rays S^C'CyC^ form with the two surfaces of the prism 
of which the position and inclination are kno^n. With these 
data, we determine by calculation the ratio of refraction for the 
substance of which the prism is composed. 

If the light of the sky, admitted through the hole in the index 
S, be too feeble to give, after refraction, a distinct image of this 
hole at O, we may invert the direction of the rays by placing 
the flame of a taper, lamp, or any bright light, beneath O, and 
then placing the eye at S\ behind the other index which we 
move till the rays of refracted light pa$s through it. 
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■ 

We have recommended that the two faces of the central glass 
' used as a support, should be perfectly parallel ; otherwise, the 
prismatic form of the glass will cause a deviation in the refracted 
light, which we should falsely ascribe to the substance which 
we were examining. But if they are parallel, the ray will re- 
sume the same direction on passing into the air out of the glass 
which it had at its incidence, or it will penetrate a prism placed 
upon the glass in the same direction as if nothinf: were inter- 
posed. These facts we infer from the constancy of the ratio of 
refraction, and they are deduced from the calculus and confirm- 
ed by experiment. 

It is also necessary that the glass should be thin, and that 
refraction should take place near the edge of the prism, that the 
incident and refracted rays may be considered as departing 
exactly from the centre of the circular division. If extreme ex- 
actness be required, it is easy to correct any little defect of cen- 
tring. I have confined myself here to pointing out this mode 
of measuring the angles of refraction, because we have already 
made use of it in reflection. 

In these experiments, the dispersion of light which always 
takes place, produces an infinite number of shades, among which 
may be distinguished seven stronger af\jl more definite than the 
others, viz. red, orange, yellow, green, blue, indigo, and violet. 
Since these colours are separated in the emergent ray, it is evi- 
dent that the difierent parts of this ray have diflerent degrees of 
refrangibility, which may be estimated by the extent of their 
deviations. Thus we find the refrangibility least in the red rays, 
and that it goes on increasing in the order of the colours as we 
have named them, till it becomes greatest in the violet. We 
find, moreover, by varying the angles of incidence, that the ratio 
of the sine of incidence to the sine of the refraction, is constant 
for eadh of the difierent colours, though not the same for all ; 
but it is diflScult to determine this by the simple observation of the 
Sibsolute deviations, because we are never sure of directing the 
eye in our different experiments to the same shade. For this 
reason I merely state in this place the constancy of the ratio of 
refraction as a thing very probable, and shall hereafter endeav- 
our to establish it rigorously by other means. 

Nevertheless the simple knowledge of the unequal refrangi- 
bility of the different colours, will furnish us now with a very 
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important remark respecting the manner in which they ought te 
appear when wc look at a luminous point through a refracting 
Fig. 32 prism. Let SI be an infinitely thin white ray, proceeding from 
a point S at an infinite distance, and refracted by the prism ABC. 
After its emergence, it will be divided into a beam VFR^ of 
which the most refracted side VP is violet, and the least refract- 
ed RP red, the other shades being distributed between these 
two. But if the eye of the observer be situated somewhere as 
at 0, in the red ray produced, it is plain that it will receive no 
other of the coloured rays contained in the branch VFR. Now 
if through O we draw a line O i% parallel to VI\ it is plain that 
the observer will receive in this direction a violet ray from the 
white ray <St, which falls upon the prism parallel to SI% pro- 
ceeding also from the point 5; and with respect to the first re- 
fracted beam SI, the observer receives only the red ray PR ; so 
of the last, he will receive only the violet O i\ But other inci- 
dent rays between SI and 5i will send to the eye the interme- 
diate shades, and it will thus perceive all the colours of the 
spectrum, as if the whole refracted beam RPF had been re- 
ceived upon a piece of white pasteboard. The most refran- 
gible raj's will always be those which appear to deviate most 
from their primitive direction, and consequently those most 
distant from the base BC of the prism ; this property will regu- 
late the distribution of the colours with respect to the observer, 
and reciprocally, the order of the colours will indicate their 
greater or less refrangibility. 

This remark, although very simple, it is highly essential to 
retain ; for it will be of use in a great variety of cases, where 
wc are obliged to infer from the order of the colours, this greater 
or less refraction. • 



iJt.lenni tuition of the Ratio of Refraction in Liquids. 

oti. 'J'liK method which we have now explained might be 
eijiially applied to liquids if they could be formed into prisms. 
Now this is easily done by confining them within prismatic ves- 
sels of which the sides are formed of plane parallel plates of 
sia^-i : for ihe definite directions of the rays pot being changed 
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hy their passage through these plates, the refraction which takes 
place, and which we observe, is produced entirely by the liqtiid. 
Indeed, such vessels while empty do not sensibly affect the im- 
ages of objects, at least when the glasses are well made, and the 
luminous point at a great distance compared with their thickness. 
But to adjust these glasses to each other, and to form of them 
a vessel capable of containing liquids, they must be attached 
or luted together. If screws are used to confine them, it is 
difficult to prevent the liquid from escaping. If they are luted, 
the lute is often attacked by the liquid, and the refraction thus 
affected. The inconvenience is still greater if we wish to ob- 
serve volatile liquids, as ammonia, the essential oils, and most of 
the acids. Happily all these difficulties may be avoided by a 
very simple method invented by M. Cauchoix and myself. 

37. We begin with taking a square plate of glass, about f of 
an inch in thickness, and two inches in.- breadth. It is of little 
importance whether the glass be pure or impure, opaque or 
transparent. The plate is perforated at its centre by a cylin- 
drical canal of about | of an inch in diameter ; it is finally cut 
into a prism, as represented in figure 33, and the two sides are 
carefully reduced to plane surfaces and polished. Two plates 
of glass, also made plane and polished, being then laid upon these 
faces with a slight pressure, they adhere of themselves, by the 
effect of the attraction at a small distance, which is denominated 
capillary. We thus form a true hollow prism without lutes, 
in which we can enclose all kinds of liquids without their un- 
dergoing any alteration. 

To iqtroduce them with ease, and without being obliged every 
time to remove the glasses, we form in the thickness of the prism 
a lateral canal a&, which is closed with a glass stopple, made 
smooth with emery ; and finally that the glass plates may adhere 
more perfectly, and not slide on the solid faces of the prism by 
the motions which we are obliged to give it, they are confined 
by triangular frames of copper which are slightly pressed against 
their surfaces by means of screws. 

38. Supposing that the glass plates employed are perfectly 
parallel, it is evident that this apparatus offers us a true prism 
for liquids, through which the refraction of these substances may 

be observed as if they were solid, and with accurate results. The Fig. 31, 
prism is placed upon the goniometer, or upon any instrument 
Opt. G 
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which serves to measure refraction, and we observe the devia- 
tion of the luminous rays as in a solid prism, regarding only those 
which pass through the cavity in which the liquid is enclosed. 



Determination of the Ratio of Refraction in Aeriform Substances* 

39. The refraction of the gases is observed in the same way 
as that of liquids, by introducing them into prismatic vessels, 
the faces of which are closed by parallel plates of glass; but 
there are few particular modifications depending on the constitu« 
tion of these substances. 

The gases have much less density than solids or liquids, 
and their refraction is much less at the same angle. To render 
it sensible, therefore, we are obliged to increase considerably the 
refracting angle of the prism in which they are confined. Borda 
had one constructed with an angle of 145^ T 28'', with a large 
cylindrical, hollow tube of glass, the two ends of which were 
cut into a prismatic form, and closed by glasses with parallel 
faces, carefully luted. The tube was pierced at bottom, and pro- 
vided with a cock, capable of being attached either to an air- 
pump or to a receiver, by which means a vacuum might be pro- 
duced within the prism, and the gases under examination intro- 
duced. We have before said, that for the same substance the 
refraction is changed by a change of density ; but the density ©f 
gases varies rapidly with a change of temperature or pressure. 
To be able to compare the results of different experiments, we 
must take into account these two elements. 

40. To measure the pressure, we attach to the prism a verti- 
Fifi. 34. cal tube TV^ communicating with its interior, and enclosing a 

syphon barometer the open branch of which is long enough to 
permit the mercury to rise to a level, when a vacuum has been 
produced in the prism. The height at which the mercury of 
this barometer is supported by the gas within, determines the 
pressure. To ascertain the temperature, we might insert into 
the prism a small thermometer ; but it would be necessary to 
place it in the middle of its capacity, which would intercept the 
light ; on this account it is better to suspend two very sensible 
thermometers without the prism, and very near it, or even in 
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contact with its faces. The temperature of these faces, as indi- 
cated by the thermometers, may be taken without sensible error 
for that of the gas and air which touch them within and with- 
out ; for we know how very easily gases acquire the temperature 
of surrounding objects. We lake every precaution, moreover, 
that the temperature of the place where our experiments are 
performed, may vary but little during the experiment, and espe- 
cially that it may vary very slowly. 

This prism is then mounted upon a foot perpendicular to its 
length, by which it is fixed in a horizontal position. The place 
of observation and the object which we look at should be 
chosen in such a manner that this object may lie in the horizon- 
tal plane passing through the centre of the prism. We then 
observe the deviation with a repeating circle, the limb of which 
is also placed in the same plane, at first by approximation, and 
afterwards exactly, by the condition that the upper telescope, 
being turned from the direct object to the refracted image, they 
shall both be found to be on the same horizontal wire, stretched 
in the interior of the tube. To verify this horizontal position of 
the wire, it is well that the signal be placed in one of the faces 
of some large building which presents in its construction long 
level lines, by one of which we may be governed. Then the 
best of all sights is a vertical lightening rod which throws a dark 
line upon the vault of the heavens. 

41. Here as well as in the case of solids and liquids, the method 
of observation consists always in directing the upper telescope 
of the circle alternately toward the direct object and the refract- 
ed im^e, in order to measure the angle of deviation. But as 
the deviation for gaseous substances is always extremely small) 
even with the large prism here supposed, it is necessary, in 
order to obtain its value exactly, to multiply our observations, 
and to take the mean of the results, that opposite errors may 
balance each other. This is done by a repeating process, found- 
ed principally on turning the prism from right to left, and from 
left to right alternately, so as to admit of our observing the devia- 
tion successively with the same telescope in these two positions, 
as is represented in figure 35. 

We naturally attempt first to measure the refraction of at- 
mospheric air. In this case we exhaust the air from the prism 
Jdj means of the air-pump. This operation does not produce an 
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absolute vacuum; but when the density of the interior air is 
very much reduced, so as to support the barometrical column at 
the height of only a small part of an inch, this height is observed, 
and account taken of it in our calculations. We have, therefore, 
a prism void, or nearly void, of air, immersed in the surrounding 
atmosphere ; the luminous rays must consequently, in penetrat- 
ing it, suffer a deviation, determined by the excess of the re- 
fracting power of the exterior air, and this in fact takes place. 
If the upper telescope of the circle is first directed immediately to 
the object through the air, when we afterwards come to inter- 
pose the prism, the deviation is considerable ; this is the effect of 
the refraction of the air. If the telescope be brought again to 
the object, by moving the limb, and the prism be then turned 
half round, the deviation is doubled, and the object twice. as 
much displaced. For example, in our experiments, the prism 
was placed in one of the chambers of the Luxembourg fa- 
cing the observatory, whose lightening rods were the points 
of sight. The turning of the prism carried the wire of the 
telescope from one side of the building to the other; or, to 
speak more exactly, the telescope remaining immoveable, the 
edifice seemed to move to the right and to the left of the wire 
the whole of this distance. Yet we could perceive no sensible 
dispersion, though undoubtedly there was one produced ; but it 
was too small to be perceptible. 

42. If we would observe the refraction of the air at different 
densities, the process is the same ; we only exhaust the air to 
the proposed limit, which is indicated by the interior barometer. 

When we wish to observe other gases, we must first exhaust 
the air from the prism as far as possible ; observe the density 
of what remains, and then introduce the gas. This introduc- 
tion is effected by means of a pneumato-chemical bath of water, 
or of mercury, if the gas is liable to be dissolved in water. It is 
necessary that the prism, and the vessel containing the gas, 
should be connected by a double stop-cock, as in the weighing 
of gases, in order to avoid the water-bubbles which might make 
their way into the neck of the instrument. 

If we wished to obtain a dry vacuum in the prism, or dry 
gases, we should place in the glass tube which surmounts it a 
quantity of caustic potash to absorb the humidity. When this 
and similar substances act in a void, the absorption is almost 
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instantaneous ; but in the air or in gases, a certain time is neces- 
sary for the vapours to be precipitated and to combine with the 
alkali. If, on the contrary, we wished to observe the refraction 
of aqueous vapours, it would be necessary to employ every 
means to moisten the air in the place where we make our obser- 
vations, by sprinkling water, suspending wet cloths, and espe- 
cially by raising the temperature; but we must avoid intro- 
ducing these vapours into the prism, for being deposited upon 
its faces they would afiect the passage of the light. 

In all that we have said, we have supposed that the glasses 
which form the faces of the prism have their two surfaces ex- 
actly parallel. When great care is used in their construction 
this is perhaps nearly true, but it is highly improbable that the 
condition is ever rigorously fulfilled. But as the refraction of 
glass is very powerful, while that of the air is feeble, it is easy 
to see that an error of this kind must very much afiect our re- 
sults. To determine its effect, we open the stop-cock of the prism 
or even detach the glass tube which surmounts it, in order to 
give free access to the external air. We then observe the devia- 
tion in these circumstances, as we should with the prism void or 
filled with gas. If the surfaces of the glasses are exactly par- 
allely the object will not be removed from its place by turning 
the prism, since the interior and exterior air of the prism will be 
exactly homogeneous and of equal density ; but if we observe 
any deviation, it will necessarily be produced by a defect of 
parallelism ; and this quantity must be added, with its proper 
sign, to each of our other observations ; for it is with this as with 
all very small quantities, of which the partial effects are only 
to be added to each other to obtain the total effect. 

Having now explained every thing which concerns the ar- 
rangement of the apparatus and the manner of making the obser- 
vations, :t remains only to determine the ratios of refraction of 
the air and of gases. This is a simple subject of calculation.! 

t For the necessary formulas see Biof s Traith de Physique. 
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Of Spherical Lenses. 

43. The methods which we have employed to calculate the 
deviations of the luminous rays in their passage through prisms 
terminated by plane faces, may be applied to the general case 
in which the refracting medium is terminated by any curved 
surfaces whatever. For here, as in reflection, we may compare 
the luminous rays to mathematical straight lines, whose refrac* 
lion for each point of the surface takes place in exactly the 
same way as it would do in the tangent plane. It is sufficient, 
therefore, to calculate the positions of this plane for each point 
of incidence, in order to determine the deviation of the luminous 
ray; and this calculation is always possible when the form of the 
surface is given. 

In the common applications of optics it is not necessary to 
make our calculations so general; for in our experiments we 
make use of spherical glasses only, since there are no other 
forms which can be exactly and easily executed ; it is sufficient, 
therefore, to analyse and calculate the refractions which these 
produce. To do this with all possible simplicity, and to com- 
prehend the results indicated by analysis, we must first take 
a general view of the sort of glasses in question and make our- 
selves acquainted with their principal properties. 

If we imagine a straight line, or axis^ drawn through the cen- 
tres of the two spherical surfaces which terminate such a glass, 
and that a cutting plane then passes through this axis, we shall 
have the profile of this glass, which, according to the directions 
of the curvatures that may be given to the two faces, will ne- 
cessarily have one of the forms represented in figures 36, 37, 38, 
39, 40, 41. These different forms are distinguished by the fol- 
lowing names which are generally adopted. 
Fig. 36. (!•) The double-convex glass. This glass is called a 2en«, 
(the Latin word for a lentil, which it resembles in shape,) and 
the name has been extended to all the other spherical glasses. 
Fig. 37. (2.) The plano-convex lens. We speak of the concavity op 
convexity, always, in relation to objects situated without the 
glass. 
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(3.) The concavo-convex. The difference of these two forms Fig. 38 

39 

is, that the first is thinner at the edge than at the centre ; and 
the second, on the contrary, is thicker at the edge than at the 
centre. We shall soon see the peculiarities which result from 
this difference of construction. 

(4.) The plano-concave. Fig. 40, 

(5.) The double-concave. Fig. 4i. 

All these forms of lenses agree in this, that the planes tangent 
to the two spherical surfaces which terminate them, are at first 
parallel to each other at the points A^^ A^^ where the lens is 
pierced by its axis ; from this point to the edge of the glass, the 
angle of the two tangent planes goes on increasing more and more, 
and symmetrically on each side of the axis. A luminous ray, 
ivhich passes through such a glas9, is refracted precisely as it 
would be in passing through a prism formed by the two planes 
tangent to the points of incidence and emergence. A spherical 
lens of any form whatever, may he considered therefore as an 
assemblage of such prisms, or as a prism of a variable aperture, 
the refracting angle of which, being nothing at the axis A^A^ 
of the lens, afterwards goes on increasing to its edges. 

Accordingly all the forms of spherical glasses which we 
have been describing, may be divided into two classes, ac- 
cording as the base or the point of the refracting prism is turned 
toward the axis A^A^^ of the lens. The first class will compre- 
hend the figures 36, 37, 38 ; the second the figures 39, 40, 41. 

It is easy to understand the influence of this different arrange- 
ment of the prisms upon the course of the luminous rays. For 
if we suppose a beam of incident rays parallel to each other and 
to the axis A^A^ of the lenses, it is evident that all those of the 
first class will refract these rays toward the axis A^^ A^^ while 
those of the second class, on the contrary, will turn them from 
it. Thus the first will cause the incident light to converge, and 
the latter will make it diverge ; these two kinds of lenses are 
hence called converging and diverging glasses* 

44. Let us examine more particularly the manner in which 
these phenomena are produced, and let us begin with the first 
kind of lens, of which we have a general representation in figure 
42. Among the rays which compose the incident beam parallel 
to the axis A^A^^ there is one SA which coincides with this 
axis itself. This passes through the lens at the points where 
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the two surfaces which terminate it are parallel. Moreover, its 
Incidence and its emergence take place perpendicularly to thes6 
two surfaces. It therefore suffers no deviation, but passes on in its 
original direction SA^A^F. But it is not the same with the inci- 
dent rays situated at a little distance from the axis. These suf- 
fer a very slight refraction on account of the small refracting 
angle of the prism through which they pass. They will, there- 
fore, cut the first ray somewhere as in jP. As the incident rays 
depart from the axis, their deviation increases, and they will cut 

each other successively in jP,, JP,, , and the assemblage of 

all these intersections, supposed, when taken two and two, to be 
infinitely near to each ottier, forms in general two branches of a 
curve which begin at the point jP, where the rays nearest the axis 
cut each other, and terminate at the point P, in the last ray 
which passes through the edge of the lens. These curves are 
named caustics. But when the surfaces of the lens include but a 
few degrees of the spheres upon which they were formed, we find 
by experiment that the greater part of the rays meet at P, rather 
than in any other place, so that the curve PJP^P, is almost en- 
tirely concentrated in that, to which we give the name of the 
principal focus. The distance of this focus is sensibly the same 
for every lens, whatever be the distance of the faces which ar6 
presented to the incident rays, 

45. Reasoning in the same way with respect to diverging 

ig 43. lenses, of which the general form is given in figure 43, it will b^ 
seen that they must form two branches of a curve FF^F^, 
also symmetrical above and below the axis ; but the principal 
focus F of the rays near the axis falls on the same side of the 
lens with the incident rays ; and there is no real concentration of 
light at this point, nor at any other point of the curve of inter- 
section. This curve then indicates only the imaginary place of 
meeting of the emergent rays produced. 

In all the figures which we have yet examined, the lenses arc 
represented as perfectly symmetrical about the axis A^A^^^o 
that this axis contains also the centre of figure of their exterior 
surface. In this case, the glass is said to be exactly centred ; 
and this is a very important condition in all optical experiments, 
as we immediately perceive. When it is not fulfilled, the thick- 
ness of the lens at its edge is necessarily unequal, as appears in 

ig. 44. figure 44, in which A^A^ is really the common axis of the two 
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spherical surfaces \?hi]e JB^, B^ is the apparent axis drawn 
through the centres of the two circles which form the exterior 
contour of the glass. 

Hence it follows that converging lenses are necessarily cen- 
tred when they are sharp at the edges ; for their thickness at 
these edges being nothing, it will evidently increase uniformly on 
every side toward the centre of the figure, where the two sur- 
faces will be parallel. When we have learned how to determine 
by experiment the position of the foci, it will be seen that we 
may make use of this determination with much accuracy to 
verify the centring in every kind of lens. 

46. After what we have said above concerning the formation 
of caustics, it will be readily perceived, that in lenses as well as 
in mirrors, the concentration of the rays will be so much the more 
perfect as they pass nearer to the axis of the lens. Hence in 
optical instruments, we are often obliged to cover the edgos of 
the lenses and a portion of their surfaces with opaque circular 
rings, which are called diaphragms. The luminous rays fall 
then only on the circular and central portion of the lens which 
has not been covered. The diameter of this remaining portion 
tt called the aperture of the glass. 

In optical experiments which require much accuracy, this 
aperture is made very small compared with the radii of curva- 
ture of the lens, and no rays arc admitted but such as are very 
little inclined to the axis which joins the centres of its surfaces ; 
these are the only means of obtaining distinct and well defined 
images. It hence results, that both in their incidence and their 
Mergence, the luminous rays meet the surface of the lens almost 
perpendicularly ; which reduces the deviations they experience, 
and greatly facilitates the calculations by which we determine 
them. 

47. To fix the circumstances of the passage of the rays and 
the formation of the image geometrically, let us first consider 

ft single radiant point S, placed before the first surface of a p. 4: 
spherical lens. Through this point and the axis of the lens, 
draw a plane cutting the glass in the direction of one of its 
profiles A^Aj^MM. It is always to be understood that the 
rays proceeding from the point S are, during their whole course, 
▼ery little inclined to the axis A^A^X^ and that their points of 
iBC^ence and emergence /i, /a are very near this axis in com- 
Opt. 7 
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parison with the radii of the two spheres to which the surfaces 
of the glass correspond. 

48. If several spherical lenses are placed on the same axis 
with the iirst, and the beam of light from the point S passes suc- 
cessively through them all, it is evident that such of the rays as 
are comprehended in the plane represented in the figure will 
continue in that plane, since it is perpendicular to the surfaces 
through which they pass. But the rays which vary from this 
plane either above or below, will pass successively into different 
planes of incidence and refraction, which, it would seem, must 
render their course very diflRcult to be calculated. Fortunately, 
this calculation is unnecessary when the angles of incidence and 
emergence are small, as we must always suppose them in optical 
instruments ; for these rays are collected into very nearly the 
same foci with the others, so that it is sufficient to follow out the 
first rays in order to determine the place where the image of 
each radiant point is formed. Hence we have only to consider 
the course of the rays comprehended in the plane drawn through 
the radiant point and the common axis of all the lenses. 

Here, as in the case of spherical mirrors, all our results may 
be deduced from the principal focal distance, and the method is 
the same. It is this distance, therefore, which we must first de- 
termine ; and this is easily done when wc know the radii of th^ 
two surfaces of the lens, and the ratio of refraction which be- 
longs to its substance. The focal distance is equal to the pro- 
duct of these two radii, divided by their difference, and by tho 
ratio of refraction diminished by uhity. This supposes the cur- 

^'6- ^^* vatures turned in the same direction ; if they are in a contrary 
direction, we must take the sum of the radii, instead of their 

Fig. 36, difference. 

^* This being laid down, we may easily find the focus of any 
radiant point situated either in or without the axis. For, let 

j,.^ ^g S be this point and MAA^M the profile of the lens, which 1 
° 47.* represent by a straight line to indicate that it is supposed to be 
very thin. Through the point S draw next the incident ray SI 
parallel to the axis A4,Z; this ray after the two refractions, 
will pass into the principal focus F, so that IF will be the direc- 
tion of the emergent ray thence resulting. Draw now an- 
other incident ray SjI^ directed to the centre of figure of the 
lens ; this will pass through the glass without deviation, since 
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the thickness being supposed infinitely small, and the two sur- 
faces at JlA^ parallel, the lens has at this point the effect of an 
infinitely thin plane glass. It only remains, therefore, to produce 
SA in a straight line, till it cuts the fii-st emergent ray in/; the 
point/ will be the common focus of these two rays, and it will be 
the focus also of all those which proceed from the same radiant 
point S. Figure 46 represents the effect of this construction for the 
converging lens, and figure 47 for the diverging lens. Expressing 
our operations algebraically, we obtain a general formula for de- 
termining, the length of the focal distance ./i/, and the position 
of the focus, for all possible curvatures of the surfaces, and 
all situations of the radiant point. Hence it is easy to deter- 
mine the images of objects which have finite dimensions, for 
we have only to apply the same construction to all the cones of 
rays proceeding from the different points which compose it. 
We shall thus find the foci of these several cones, and they will 
together form the image of the object.* 

* As the formula indicated in the text is one that is very often 
used, I shall give an explanation of it here, making use of figure 47. 
We designate by A the distance JS of the radiant point from the 
centre of the lens, supposed to be infinitely thin. We denote also 
by A' the distance of this centre from the focus/, supposed on the 
same side with S. We call r the ray of the anterior surface of 
the lens situated on the same side with the radiant point S^ and r' the 
ray of the second surface, both surfaces being considered as having 
Ibeir concavities turned towards S ; and lastly, we designate by n 
the nitio of refraction for the kind of glass of which the lens is 
made ; the distance A' will always be connected with A by the 
following relation, 

In this formala the rays r. r', are considered as positive when the 
surfaces to which they belong are concave towards the radiant point. 
If, on the other hand, one surface is convex towards tiiis point, we 
must give its radius the negative sign. Also the distances A, A', arc 
considered positive when they are situated on the side of the radi- 
ant point, as in figure 47. Therefore, if one of them, A' for instance. 
bei^omes negative by the disposition of the values of A, r, t*', this wi': 
signify that the focus/ is formed on the opposite side of the ien'< 
consequently iieyond it, as in figure 46, and not on this side, «>- 
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Determination of ike Images produced by Diverging Lensei* Ust 
of these Lenses in correcting shortsightedness* 

49. We shall first apply the method to diverging lenses. Let 
Fig. 48. j[f^j)f be such a lens, of which A is the centre of figure ; and 
place the object SS^ before its surface, at any distance whatever, 
provided it be such that the angles of incidence shall not exceed 
the limits supposed in our approximations. If from the extremity 
S of the object, we draw the line SA to the centre of figure of 
the lens, the cone of incident rays proceeding from the point S, 
will have for its axis SA^ and its focus will be found somewhere 
in this straight line, and on the same side of the lens (since it h 
diverging), for example, in /. The focus will be found in th6 
same way in S^A as at /^ ; and these two foci comprehending 
between them all the others,//^ will be the image of the object. 
It will always be erect and smaller than the object, since it 
is comprehended between the sides of the angle SAS\ and 
nearer its vertex A. Moreover, the absolute value of its dis- 
tance from the lens will always be less than the principal focal 
distance AF^ and so much less according as the object itself is 
nearer the glass. 

According to this construction, when the luminous rays, pro- 
ceeding from the same point S or S' of the object, have passed 
through the lens, their course is exactly the same as if they had 
set out from the corresponding point /or/' of the image. There- 
in figure 47. This always happens, for instance, in converging 
lenses, when A is infinite, which renders - nothing. For then, ac^- 

cording to figures 36, 37, 30, the niy r of the anterior surface be- 
comes negative ; and whether the other lens be convex or concave^ 

^, will remain a negative quantity. We shall then have 



A' z= — 



rr' 



(n — 1) {r—r')' 

this is precisely the rule enunciated in the text for (he calculation 
^f the piincipal focal distance AF, 
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fore, if a spectator had bis eye situated at 00 on the other side of 
the lens so as to receive all these rays or only a part of them, he 
would see neither the points 5, S'^ nor the points between them, 
but their image ff* \ and his eye would be affected in the same 
way as if the object had really become smaller, and had been 
transferred to the place where the foci are formed. He will 
thus see this imaginary object erect, diminished and brought 
nearer. But although these may be in fact the only elements 
of the sensation produced in the eye, yet we do not estimate 
correctly the distance and 'magnitude of the image, because our 
judgment is affected at the same time by other considerations, 
altogether independent of the direction of the luminous rays. 

To convince ourselves of this singular fact, we may take any 
diverging glass, for example, that nearest the eye in an opera glass, 
which is usually double concave ; and look through it at objects 
which we will suppose to be very distant compared with the focal 
distance of the glass. When the eye is placed at a proper distance 
from the posterior surface, we shall see a very distinct image of 
these objects. It will appear erect like them and smaller, but 
instead of supposing it near the glass and in the focus /y^, where 
it is really formed, it will seem to us more distant than the ob- 
ject itself. This is because the sensation of the visual angle, and 
that of the greater or less divergency of the luminous rays which 
reach us, are not the only elements from which we estimate dis- 
tances. We add to these, without being sensible of it, the im- 
pressions which we may have of the absolute dimensions of 
objects. A man seen successively at the distances 20, 40, and 
60 yards, appears always of the same absolute magnitude. 
Nevertheless the rays of light which render him visible at these 
different distances, cross each other on entering the eye under 
very different angles, since they are to each other nearly as 
tlie nuTobers 1, ^, ^ ; so that were we to judge only frpm the 
openings of these angles, the apparent magnitudes would seem to 
us to decrease in the same ratio. 

SOm This habit of connecting the idea of absolute magnitude 
with the sensation of the visual angle in judging of the distance 
«if objects, is derived from the experience of our whole life, and 
il becomes as rapid as sensation itself; or rather, the sensation 
frUch is transmitted to the mind when wc look at an external 
olgect, 18 the compound result of these different elements. But 



54 Dioptrics, 

the involuntary application which we make of them, deceives us 
when wc look through a diverging lens ; for the objects which 
we had just viewed with the naked eye, of the absolute mag- 
nitude and distance of which we were consequently able to form 
a pretty accurate judgment, being suddenly presented to the 
eye with much smaller dimensions, wc do not hence conclude 
simply that their images are smaller, but that they are further 
removed from us ; and no reasoning can prevent this conclusion 
being formed even when we know theoretically that it is false. 

With the exception of this case, in which our senses are but 
poor judges, observation perfectly confirms the results indicated 
by theory ; this we may verify not only when the object is at a 
great distance, as we have just now supposed, but also when it is 
gradually brought near. If it be brought, however, very near 
the lens, it must be very small, and the refracting surfaces must 
be held nearly perpendicular to the rays which proceed from it ; 
otherwise we should exceed the limits of incidence and emer- 
gence supposed in our approximations. 

In performing these experiments, we find that in order to see 
the image distinctly, we must place the eye at a certain distance 
from the lens, and this distance varies with different eyes. If 
the eye be brought nearer, the image becomes larger and con- 
fused. If, on the contrary, it be removed, the image becomes 
smaller and more difficult to be seen distinctly. This results 
from the fact, that the eye is itself an optical instrument which 
cannot concentrate the rays with sufficient exactness for perfect 

, vision, except when they fall upon its surface within certain 

limits of incidence. 

Suppose, for example, that the luminous point S, forms its 

Fig. 49. image in JP, and that this image appears distinct when the eye is 
placed at 00-^ then vision is produced by a cone of rays FOO 
which has for its base the surface 00 of the pupil, and for its 
vertex the point F. If the eye be brought nearer, suppose lo 
CO', then tbc pupil intercepts a more diverging cone of rays, 
and consequently the rays jFO which form the exterior surface 
of this cone, fall upon the eye with a greater angle of incidence. 
If this angle become so great that the eye cannot concentrate all 
the rays n|">on its retina, vision is necessarily confused ; and this 
in fact takes place when we bring the eye too near the lens, and 
consequently too near the focus F^ the common centre of the 
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emerging rays. If, on the contrary, after having found the 
point where vision is most perfect, we remove the eye further 
from the lens, the image, which remains always in the same 
place, is at a greater distance from the eye. It ought, therefore, 
to appear smaller and less distinct in its outline, like other ob- 
jects when removed from us ; and this actually happens. 

51. The least distance at which objects are seen differs with 
different eyes. I'hosc persons who are shortsighted are obliged 
to approach the focus F ; those who are longsighted, on the con* 
trary, find it necessary to go to a greater distance from it. The 
reason of this will be readily understood when we remember that 
this focus, from which the rays diverge, is to the eye as it were 
an object situated in F; and thus each one, in order to see it 
distinctly, is obliged to place his eye at the distance at which 
he would see a common object most distinctly. This distance 
is commonly from eight to ten inches, when we wish to distin- 
guish the minute parts of small objects ; but some persons cannot 
distinguish objects placed at so small a distance ; and, on the 
coiiti'arj', there are others with respect to whom this distance is 
only two or three inches. The latter are called myopes^ or short- 
sighted persons, and the former presbytes or. longsighted. 

52. It is not to be understood that distinct vision is, in every 
case, strictly confined to a particular distance. On the contrary, 
the eye is endued with a power by which it is enabled to adapt 
itself, within certain limits, to the different distances of objects. 
But beyond these the image is confused, and vision becomes im- 
perfect. Thus persons possessing the longest sight, cease to dis- 
tinguish the minute parts of objects when placed at a consider- 
able distance. But these parts disappear to shortsighted per- 
sons, even when the objects are very much nearer. 

The defect of shortsightedness may be corrected by placing 
a diverging lens between the object and the eye, as represented 
in figure 49. For by means of such a lens, there is substituted 
instead of the real object the image formed at its focus, and we 
have only to give to the lens a fo'cal distance equal to that of 
distinct vision of the organ for which it is designed ; then by 
bringing it near the eye, the shortsighted person will see distant 
objects as distinctly as if they were situated near him, although 
he refers them to their true places. But he cannot use the same 
glasses, at least, when brought close to the eye, for the purpose 



36 Dwplrics* 

of seeing very near objects ; because the foci of the rays which 
proceed from them being formed still nearer the glass, the image 
of the objects would be too near the eye to be seen distinctly 
without fatiguing it. It is necessary, therefore, to employ lenses 
of a greater focal distance ; or, which is better, to dispense with 
them entirely, since it is these near objects which shortsighted 
person€ perceive most distinctly with the naked eye, and to 
reserve the use of diverging glasses for distant objects. The 
principal focal distance ought, moreover, to exceed a little that 
at which small objects are seen most distinctly; for the eye 
would be soon fatigued by the too near approach of the image. 
Such is the purpose and operation of those spectacles by which 
shortsighted persons remedy the imperfection of their sight* 

It is plain that the glasses in question would be useless and 
worse than useless to the longsighted who cannot perceive near 
objects distinctly, on account of their being too close to the eye ; 
for, the foci of diverging lenses being always nearer than the 
object itself, the evil would only be increased. We must, in this 
case, therefore, seek some means of removing the image beyond 
the object which produces it ; and this purpose is effected by 
means of converging glasses, as we shall soon see when we have 
studied their properties. 



Method of determining the Images produced by Converging Lensesm 
Use of these Lenses in correcting tlie defective Vision of longsighted 
Persons, 

Fig. 5a 53. Let MAM be a lens which we now suppose to be con- 
verging ; and let SS' be the object placed beyond the focal dis- 
tance of parallel rays. Through its upper extremity S draw the 
ray SA to the centre of the lens. This ray will be the axis of 
the pencil of raj'^s proceeding from the point S ; and the lenst 
being supposed to be very thin, the focus of this pencil will be 
situated somewhere beyond the lens with respect to the point S^ 
as at/, for example, in SA produced, as appears from our gen- 
eral construction. All the emerging rays which come from the 
point S will meet in this point from which they will pass on and 
diverge as if from a real object situated in the same place. If 
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wc repeat the same construction for the other extremity S', we 
shall jSnd its focus/' in the axis S^i produced ; and in the same 
way we obtain all the foci of the intermediate points ; whence we 
haveff an inverted image of the object. The image is inverted 
because the foci are formed beyond the point where the axes of 
the pencils cross each other. 

This image will become sensible if it is received upon a screen 
of white pasteboard or ground glass placed in//; it may also 
be seen immediately, if the eye be situated beyond this point, at 
the proper distance for seeing distinctly a real object occupy- 
ing the same place. 

54. If the luminous object SS^, be situated at a very great 
distance, the image will fall on the opposite side of the lens, near 
the principal focus jP. This furnishes us with the means of de- 
termining experimentally the focal distance of converging glasses. 
As the object approaches the lens, the image recedes from it 
increasing at the same time in magnitude. When the object is 
removed only by a quantity double the principal focal distance. Fig. 51 
the image will be of the same magnitude; if it be brought nearer, 

the image will be removed, the dimensions being increased ; 
finally, when it arrives at the principal focus the image will be Fig. 52 
removed to an infinite distance. This result might be easily 
foreseen, since the object and image may always be made to 
change places ; if the object, placed at an infinite distance, has 
its image in the principal focus ; reciprocally, when the object 
is placed in the focus, the image will be at an infinite distance. 
Between these two limits, the image is always inverted. 

The object, being brought nearer continiially, will fall at length 
between the principal focus and the surface of the lens. Then Fig. 63 
the image, according to our general construction, passes to the 
same side of the lens. It is now larger than the object, more 
distant and erect ; as the object approaches the lens, the image 
approaches also, the size being diminished ; till finally the image 
and object unite and coincide throughout upon the surface. 

55, These are the results of theory, and they are completely 
confirmed by experiment. Take, for example, any converging 
lens, as the object lens of an opera-glass, and look through it 
at an object which we will at first suppose at a great dis- 
tance relative to the focal distance of the lens. Then, plac- Fig. sa 
ing the eye properly we shall see an inverted image of this 

Opt. 8 
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object, wliicb, as has already been remarked, we can render 
sensible by receiving it upon a screen of pasteboard or ^ound 
glass. But although this image really falls on the same sid^ of 
the lens with the observer, yet it is referred by him to the oppo- 
site side, and conceived to be at a greater or less distance than 
the object, according to the circumstances by which his judg- 
ment is influenced in other cases. 

56. When we are thus placed at the point where the image is 
most distinctly seen, if we measure the distance of the e^e from 
the lens, we shall find that it is equal to the focal distance of 
parallel rays, plus the ordinary distance of distinct vision for the 
eye of the observer. This is another proof that the eye is placed 
so as to view the image as if it were a real object ; and it receives 
from the image similar impressions. This opinion is every way 
confirmed ; for if the eye be removed further from the glass, the 
image appears diminished and its minute parts are lessf easily 
distinguished, like those of a real object which is removed from 
us. If, on the contrary, we approach the image, it becomes 
irregular and confused, like that of an object which is brought 
too near the eye. In this last case, the image appears to be 
increased in size, like an object seen very near ; and we are led 
to believe that it is brought nearer. It finally becomes alto- 
gether confused and indistinct when the eye arrives at the focus 
itself. But, which is very remarkable, as we approach still 
nearer the glass, the image is formed again, erect and very much 
confused. Its direction is not again changed as the distance of 
the ej'e from the glass diminishes, but it becomes less indistinct, 
and at length we see the object tolerably well, with its natural 
outlines and dimensions, when the eye is at the surface of the 
glass ; especially if we contract the aperture of the pupil by 
looking through a small hole made in a card. 

In these last experiments the rays are convergent when they 
approach the eye ; and since the image is still perceived, it is a 
proof that vision may also take place in this way, though with 
incomparably less distinctness than when it is produced by 
divergent rays. 

57. But it may here be asked why the image appears erect 
and becomes less confused as the eye approaches nearer to the 
glass. To resolve these different questions clearly, let us first 
take the simple case where the radiating object is reduced to a 
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luminous point very far removed. This takes place, for exam- 
ple, when we look through a converging lens at Venus, or anj 
very brilliant star. 

In this case, if the eye is first placed in 00^ beyond the focus Fig. 54 
of parallel rays, and at a proper distance for distinct vision, we 
shall see a very clear well defined image of the star. This sen- 
sation is produced by a cone of divergent rays which has its 
vertex at F, and 00^ the aperture of the pupil, for its base. As 
the eye approaches the lens, the base of this cone remaining 
always of the same magnitude, it intercepts a greater number of 
rays, and of rays which form among themselves a greater angle. 
On account of this divergency the eye is unable to collect them 
all into the same focus on the retina ; and consequently, they 
form upon this membrane a small circular image, such as a lu- 
minous circle would produce placed without the eye. The 
image of the star is thus gradually enlarged, and forms a disc 
which increases in size as the eye approaches the focus. Finally, 
when the eye arrives at O'O, that is, at the focus, this disc is 
equal in magnitude to the lens itself, because the aperture of the 
eye then admits all the rays which the lens has refracted. But 
as the eye approaches still nearer the glass a certain portion of . 
the rays are lost; and those which first escape, being those which 
depart farthest from the axis of the lens, they are also the most 
convergent. Hence, when the eye is very near the glass, the 
only rays which can enter the pupil have very little convergence, 
and consequently the object begins to appear less confused. 
This being applied successively to all the points of an extended 
object, we perceive why it appears more distinct as the eye ap- 
proaches the glass. The position is erect, since the luminous 
pencils do not cross each other before they enter the eye. 

58. Having thus verified the results of theory for very dis- 
tant objects, we shall now consider those which are placed at a 
less distance. In this case we also verify the other phenomena 
indicated by theory, and we find them the same, whichever of 
the faces of the lens is presented to the incident rays. 

It will hence be readily understood what advantage is derived 
from the use of converging lenses by long-sighted persons who 
see near objects confusedly. For, if the object SS' be too near p,g. 5- 
the eye 00 to allow the rays, pHroceeding from it, to come to a 
focus upon the retina, we have only to interpose the convex lens 
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M^M, so near the object as to briDg it within the principal focal 
distance AF of parallel rays, and having such a convexity as to 
throw back the images of the points S, S', to the foci f,f, pre- 
cisely at the distance /O,/" 0, where the eye sees most distinctly. 
This is the way in which convex glasses enable long-sighted per- 
sons to see near objects distinctly. They are particularly im- 
portant to aged persons, who are commonly long-sighted, and 
who are able by means of this useful invention to read, write, 
and in general to execute any kind of work which requires to be 
placed near the eye, as if the focus of vision was not affected by 
age. But they are obliged to dispense with these glasses in 
looking at distant objects, because they make the rays converge 
too fast, and thus occasion indistinctness of vision, as we have 
already shown. 
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59. The expedient above mentioned is useful also to watchma- 
kers, engravers, and generally to those persons whose business 
requires much care directed to small objects. In this case, how- 
ever, it is not to remedy defects of sight, but to magnify the objects, 
. 6S» and render the minute parts more perceptible. To understand this 
use of lenses, let 00 be the eye, and SS' the object which we wish 
to see distinctly and in large dimensions. If the latter condition 
were the only one sought, it might be fulfilled by simply bring- 
ing the object nearer the eye, for the visual angle subtended 
increases as the distance diminishes. But the image would ap- 
pear confused since the object is brought within the limits at 
which distinct vision naturally takes place. To remedy this 
inconvenience, we have only to place close to the eye a convex 
lens, and to bring the object within the focal distance of the glass 
precisely so fur that its image shall be thrown back to the dis- 
tance Of Of\ of distinct vision. This is always possible ; for 
the distance of the image from the glass -may vary from nothing 
to infinity, according to the distance of the object. When we 
have found by several trials this proper distance, the image ff 
will be seen distinctly ; and, moreover, the visual angle fAf^ 
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Krhich it subtends at the eye placed in contact with the glass, is 
>qual to the angle SAS' under which the object would appear 
to the naked eye, if it could be seen distinctly at so small a dis- 
tance as AP» We shall thus obtain the double advantage of see- 
ing the object distinctly, and of seeing it under a larger angle. 
But from the very circumstance of never having seen it in this 
way, the judgment which we form of its real magnitude is not 
modified by any previous experience of the ratio of the dis- 
tance to the visual angle ; and as we see it under a much greater 
angle than it subtends to the naked eye, although at the same 
distance at which we endeavour to place it in order to see it dis- 
tinctly, it must appear to be magnified in all its dimensions. And 
this is constantly found to be the case. Convex lenses fitted to 
produce the effect in question, are called magnifiers. 

60. The magnifying power is evidently determined by the 
ratio of the absolute magnitudes of the image and object ; and 
this ratio is the same, by the construction of the figures, as that 
of their distance from the glass, since they are both comprehend- 
ed between the sides of the same angle o{ fAf» Thus the en- 
largement takes place because the image is formed at a greater 
distance from the glass than the object, and on the same side of 
it. These two conditions cannot be fulfilled, except with con- 
Terging lenses. 

61, We have supposed the eye to be very near the surface of 
the glass. This position renders our considerations more sim- 
ple; and affords a wider field, that is, it allows us to take in 
with the same glass, a larger extent of objects. But after what 
we hsCve said, it is evident that this condition is not indispensable 
to the obtaining of magnified images. Indeed, whenever the 
image, although larger and more distant than the object, is too 
■ear the glass for distinct vision, by removing the eye we can 
dwaya find the exact point where it may be clearly and distinctly 
Mo* 

Large magnifying glasses arc sometimes employed in this way 
V^'g^ persons placed at some distance from the eyes, which 
.c&able them to read. They arc also used in examining the 
auniite parts of maps. It is obvious that these glasses must be 
▼wy large that both eyes may look through them at once. It is 
XKceftsary, moreover, that the focal distance should be so great 
thai the axes of the luminous pencils proceeding from the same 



62 Dioptrics. 

object toward the two eyes, may not make too great an angle 
with the common axis of the two surfaces. The magnifying 
power produced by these glasses, necessarily varies with the 
distance at which they are held from the object to be exam- 
ined, as appears from the preceding considerations; and their 
effect is the more perfect according as they are held near the 
object, since on the supposition that we look through the centre 
of the glass, the luminous pencils which enter the pupil of each 
eye, pass through the glass under small anglear of incidence, 
agreeably to what has been taken for granted in all our approxb 
mations. But the condition of seeing with two eyes obliges us 
to. incline the pencils to the axis of the lens more than if we used 
but one ; and this circumstance, together with the facility with 
which we alter the magnifying power by varying the distance of 
the object from the lens and of the lens from the eye, makes this 
instrument liable to injure the sight. It is, therefore, at present 
rarely used, and we employ instead of it separate glasses for the 
two eyes. 

62. We generally use but 'one eye with magnifiers and other 
optical instruments in which we wish to obtain a highly magnifi* 
ed image with the greatest possible distinctness. In this case 
experiment proves that the best position of the eye is very near 
the glass. It only remains, therefore, to place the object within 
the principal focus, at such a distance as to throw the imajge 
back to the point of distinct vision ; and this is effected after a 
few trials. The calculus also furnishes rules for determining 
this position with respect to every lens, and the distance of dis- 
tinct vision belonging to different eyes, while it teaches us alw 
how to calculate the magnifying power thus obtained. To form 
a glass which shall magnify a certain number of times fvi, when 
applied to the eye, we must give it a focal distance equal to the 
distance of distinct vision divided by the magnifying power minus 
unity, that is, by m — 1. For example, if we take for the ordi* 
nary distance of distinct vision eight inches, which is the usual 
measure for good eyes, and if a glass is sought which shall ma^ 

nify fifty times, its focal distance must be —- = 0,163 ; if it 

were required to magnify 100 times, the focal distance muat ht 

— — - =z 0,0808 ; which, supposing the two curvatures the 
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same, would require each surface to be of a less radius than the 
above. In general, the radii of the surfaces diminish as the 
magnifying power increases. This is an obstacle to carrying 
the magnifying power very far with a simple lens. U will, be seen 
also that the focal distance would diminish if the distance of dis- 
tinct vision were less than eight inches ; and it is for this reason 
that the same glass magnifies less with respect to short-sighted 
persons, than when used by those who are long-sighted. 

63. We thus see how far we can proceed with a single micro- 
scopic lens. But by combining these lenses with others of less 
curvature, we obtain much more powerful effects. By similar 
combinations of large glasses, or of mirrors and magnifiers, we 
are able to form arrangements which bring near and magnify the 
images of distant objects ; and thus we obtain what are called 
refracting and reflecting telescopes. We shall make known the 
theory of these instruments when we have learned how to cor- 
rect the efiect of the decomposition of light in the case of simple 
lenses, which cause the images to be coloured, and is on this 
account the occasion of an essential defect. 

64. A very simple means of procuring a microscope of consid- 
erable power is by making a small hole in a thin metallic plate, 
and introducing into it a drop of water. This drop arranging 
itself in the hole, as in a very narrow and very short capillary 
cylinder, forms at the two surfaces of the plate two spherical coti- 
vexities, whose diameter is the same as that of the hole. Then 
the rays which pass through this globule are refracted by it as 
by a solid glass magnifier of a very short focus. Then placing 
the eye very near the hole and looking through it ^t small ob- 
jects, situated on the other side of the plate, at a vejy small dis- 

n tance, we find a point where they may be -iseen distinctly and 
X ^^"7 much magnified. 

js 65* The lenses obtained by this process are inconvenient, as 

II ^cy are continually changing their curvature, and are soon dis- 

ii sipated by evaporation ; this renders them unfit for continued 

T. observations. Dr Brewster proposed to remedy" the defect by 

using drops of transparent varnish on a plate of glass, which, by 

Ac mutual attraction of the particles, (fake a spherical shape. 

B Very clear lenses arc obtained in this way ; but it is difficult to 

b them in a metallic plate, and slill more difficult to keep them 

unaltered. By a slight modification Mr Sivright of Edinburgh 
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has discovered a process that is free from all these inconven- 
iences. It consists in placing small fragments of glass on perfo- 
rations in a thin plate of platina, and then submitting them to the 
action of the blow-pipe. The glass thus melted, assumes a 
spherical shape like the drop of water or varnish ; when this is 
once cold, it preserves its form, and presents a lens well mounted. 
Instead of employing a plate of platina, wc can make use of a 
wire of the same metal rolled around a fragment of the glass, 
which serves the purpose of a ring to keep it in place. Platina 
is preferable to any other metal for this purpose, because it does 
not oxydate with the heat of the blowpipe, and it adheres very 
strongly to the sides of the small lens ; its point of fusion also is 
much higher than that of glass, and it may be employed very 
thin, so that its contact shall less retard the fusion of the vitreous 
globule. 

In these different applications it is supposed that the lenses 
used are capable of concentrating the parallel rays which fall 
upon them in a single focus. But this condition can only be 
fulfilled when the thickness and aperture of the lens are very 
small compared with the radius of curvature, and it is also, as 
we have seen above, the only case which our theoretical approx- 
imations embrace. It is manifest that in practice we must con- 
form to these conditions in order to obtain distinct images ; and 
experiment soon shows within what limits we are to confine our- 
selves. We may nevertheless, by a happy choice of curvatures, 
increase the extent of our glasses, and at the same time, diminish 
the aberrations of the focus. Wc may even destroy almost en- 
tirely these aberrations by combining several lenses; but the 
projxir arrangement for producing this effect cannot be discover. 
cd without the aid of the calculus. It is sufficient in this place 
to observe that our arrangements tend generally to diminish the 
angles of incidence and emergence of the rays, at the different 
surfaces which they are successively to pass through. 
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Physical Theory of Refraction. 

BG. The methods above described give the ratio of refraction 
for any substance in the state in which it is observed. But it 
has already been remarked that this ratio, in any case, changes 
with a change of density. The variation is small in solids 
and liquids, since the dilatations and condensations to which 
these are exposed are inconsiderable ; but it is quite different 
with respect to aeriform substances, in which every change of 
pressure and temperature is attended with a marked change of 
density. While we are ignorant of the relation which exists 
between the density of a substance and the refracting power it 
exerts upon light, we cannot compare together the observations 
made upon the same substance in different states, nor those made 
upon different substances ; nor will it be possible to distinguish 
what belongs to their densities, from that which belongs to the 
chemical nature and arrangement of their particles. In order, 
therefore, to a more thorough acquaintance with these phenome- 
na, it is necessary, by means of the observed motions of a ray of 
light, to discover the forces which act upon it, and thence to 
ascertain by calculation how these forces produce the particular 
results. 

Let AB be the first surface of a body or of any refracting Fig. 57. 
faedium, and let SI be a luminous ray traversing a void in a 
direction nearly parallel to the surface of the medium, but meet- 
ing it at the point /. Then this ray will no longer continue its 
direction in a straight line, but will be refracted in a certain 
direction /iJ, which will depend upon the ratio of refraction for 
the medium under consideration. If this were water, for exam- 
ple, the angle JB/i?, formed by the refracted ray and the refract- 
ing surface, would measure 41° 18' 36'', and the incident ray 
would be turned thus far out of its course. Now, as a moving 
body can be made to change its course only by a force oblique 
to its own direction, we must conclude that the particles of light, 
in approaching the surface of the medium, are acted upon by 
forces which tend to make them enter it ; and moreover, that 
these forces are directed perpendicularly to the surface ; for the 

Opt. 9 
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case of perpendicular incidence is the only one in which they do 
not change the direction of the ray« 

It is evident t&at these forces must be sensible only at very 
small distances above and below the surface. For the luminous 
ray must begin to bend the moment it begins to be acted upon, and 
must take a rectilineal direction the moment they cease. Now 
the space occupied by this inflection is so small as to be incapa" 
ble of being appreciated by our senses, and the ray appears to 
be broken suddenly at the point of incidence. The action of the 
refracting forces is not then sensible to a greater extent. 

67. All these results concur to prove that the refraction of the 
luminous rays is produced by the affinity of the particles of the 
body for the particles of light ; an affinity analogous to capillary 
attraction, and which, like that, becomes sensible only at very 
small distances. This conclusion, drawn from the phenomena 
above stated, appears at first view, to contradict that which we 
have deduced from experiments upon reflection. For, in that case, 
the luminous particles appeared to be repelled by the reflecting 
body, instead of being attracted as we now find them to be. But 
it must be remarked that the particles which are reflected may 
not be in the same physical state or in the same circumstances of 
motion, as those which are refracted. Now the possibility of 
this difierence is sufficient to remove the apparent contradiction 
in the two opposite consequences, drawn from the phenomena 
exhibited in these two states of the particles. For when a body 
Ji acts upon a body J8, in any manner whatever, this action does 
not depend simply upon the state and nature of ./J, but also upon 
those of B. We shall hereafter see this diflerence in the state of 
the luminous particles confirmed by abundant proofs, and we 
shall learn also in what it consists. 

Let us noff determine from these phenomena the conditions to 
which the attractive forces are subjected. For this purpose, let 
rig. 58. us suppose a luminous particle Jtf, placed at any distance without 
a homogeneous refracting medium, and so modified as to escape 
the repulsive action of the reflecting forces. Then this particle 
will be sensible only to the attraction of the medium, which draws 
it perpendicularly to the surface AB, as before demonstrated. 
Moreover, it will be drawn with the same intensity, at the same 
distance, whatever part of the surface it approaches, whether k 
be at Mj or at m, or at fi. For, as this kind of action is sensible 
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^nly at very small distances, provided the points JIf, m, /u, arc 
BOt situated infinitely near the extremities A and B, of the me- 
dium, the luminous particles, supposed to be in these points, will 
be attracted with as great a force as if the medium were indefi- 
nately extended ; and the intensities of these attractions must be 
equal throughout, since we suppose the medium to be homogene- 
ous. Also, in order that we may have to consider, in the action 
ef the medium, only the progressive variations depending upon 
4he distance, let us suppose that it is not crystallised ; in which 
case no account need be taken of the modifications of the attrac- 
tive force, which might result from the figure of the particles, or 
their arrangement. Then supposing the distance a ji to be that 
at which the attraction of the medium begins to affect the lumi- 
nous particles, the line a &, parallel to AB, will represent the 
exterior limit, at which the luminous ray begins to be bent. It 
is manifestly not necessary to regard this limit as rigorously and 
mathematically exact ; for, mathematically speaking, the attrac- 
tive action must extend indefinitely ; but since, beyond a very 
small extent, it becomes so exceedingly feeble that its efi*ect is 
insensible, we may express this circumstance graphically, by in- 
dicating near the surface a certain very small distance, as the 
limit at which the ray begins sensibly to bend. 

Let us suppose now that the luminous particle Jtf, having pass- 
ed this limit approaches nearer the medium. It will then be 
more forcibly attracted, and the attraction will increase until the 
luminous particle reaches the surface of the body. But when 
the particle has traversed this surface, the attraction of the me- 
dium will begin to diminish, and .wiil diminish progressively 
according as the particle penetrates into the interior of the me- 
dium. Suppose it to have arrived at a certain depth M\ for 
example. In order to ascertain the relative intensity of th^ 
force which then attracts it, draw through the point M^, the line 
cf d! parallel to the surface A3 ; and below this line draw an- 
other parallel A'B\ at the same distance from Ml with AB. Then 
the two equal portions of the medium, which are limited on one 
side by the line d d\ and on the other by AB^ A*B\ will attract 
the particle M' in contrary directions, and will attract it equally. 
These two parts, therefore, will counterbalance each other; so 
that the particle will be attracted only by that portion of the 
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medium'situatcd beyond A^B^» If the thickness of this remaining 
part exceeds the limit at which the attractive forces are sensible, 
the intensity of the attraction will be the same as when the parti- 
cle was without the medium, and as far distant from it as it has 
now penetrated. For, by reason of the small distance at which 
the attraction is sensible, the portion of the medium which is cut 
off by the plane .^^J3^, is always infinitely thin ; and the rest of the 
medium, since it exceeds the sphere of activity of the forces, 
may be considered as indefinite. iJk 

It results from this reasoning, that the limits of the interior 
and exterior attractions are equally distant from the surface* 
When the luminous particle has attained this depth, if we cut off 
from the medium the portions which counterbalance each other 
above and below, the rest of the medium is too far distant to 
produce any sensible attraction. 

Resuming the results at which we have arrived, we perceive 
that the incident ray SI preserves its rectilineal direction till it 
arrives at the first limit a 6, where the attractive forces begin to 
be sensible. From this point the action of the forces begins to 
bend the ray into a curve, to which its primitive direction is a 
tangent at /, and whose concavity is turned towards the interior 
of the medium, as shown in the figure. This curve continues to 
the interior limit a' V^ where the influence of the attractive 
forces again becomes insensible. Then the ray takes the recti- 
lineal direction, derived from the refraction, and which is the 
prolongation of the last tangent to the curve it has described. 
The extent of this curve is too small to be appreciated by our 
senses, and it is necessary to suppose it enlarged in order to 
compare the direction of the incident with that of the refracted 
ray. 

68. To do this completely we must be acquainted with the 
law, according to which the attractive force increases, as the 
luminous particles approach the refracting surface. Of this law 
we know nothing, except that it must produce a very rapid in- 
crease of velocity, and an equal increase at equal distances, 
through the whole extent of the surface. Happily these general 
data are sufficient to conduct us to very important results. 

In order to represent the increase of attractive force in the 

most general manner, let us divide the space in which it is sen- 

59. sible into an infinite number of yevy thin zones by the lines c d^ 
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tf^ g &, &c*, parallel to the surface of the medium and to the 
first limit a b* Then let us suppose that in each of these zones 
the intensity of the attractive force is sensibly constant, so that 
it shall only increase in passing from one zone to another. Con-* 
tiQue this construction into the interior of the medium as far as 
to the second limit, where the attractive force ceases to be sen- 
sible. This being done, if we do not establish absolutely any 
relation between the successive values of the force for these dif- 
ferent zones, there can be no law so general that it may not thus 
be represented. The conformity will be the more perfect, the 
more we multiply the zones, and it will be entirely so, by sup- 
posing their number infinite. We can then employ this supposi- 
tion for the purpose of representing the progress of the attractive 
forces ; and if we thence deduce results which are independent 
of the number of zones, we may be certain that they belong also 
to the attractive forces themselves, whatever be the law by which 
they are governed. 

The whole is then reduced to considering what takes place, 
when a particle infinitely small, projected into void space with a 
certain direction and velocity, traverses a zone comprehended 
between two parallel planes, where it is urged by a uniformly 
accelerating force. For if we resolve this problem for the first 
zone, we shall be able to calculate the direction which the lumi- 
nous particle will have acquired there, together with its increase 
of velocity. We shall then proceed to the calculation for the 
second zone with these data, and thence to the third, and so on 
through the whole thickness in which the attractive forces are 
sensible. 

This problem is precisely that of the motion of projectiles in 
▼Old space, supposing them acted upon by gravity alone. By re- 
solving it we find that for the same substance the ratio of the sine 
of incidence to the sine of refraction, is constant under all possi- 
ble inclinations, as experiment has shown us. We find also, 
that this ratio is the same as that of the velocities of light, after 
it has penetrated the body to a sensible depth and before enter- 
ing it. This initial velocity is always more feeble than the 
other, if the ray passes from a vacuum into a material substance, 
so that in this case it is accelerated by being refracted. 

Finally, the analysis, by discovering all the particulars of the 
phenomenon, enables us, by experiment, to ascertain, if not the 
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absolute value of the attractive force, at least a quantity propor- 
tional to it in each body. This quantity is (he square of the 
ratio of refraction diminished by unity, and divided by the den- 
sity of the refracting substance. Newton gave it the name of 
refracting power. Its estimation supposes that the luminous par- 
ticles, in their passage through bodies, are acted upon only by 
forces peculiar to ponderable material particles, while such im- 
ponderable and intangible principles as those of electricity and i 
caloric, do not contribute either directly or indirectly to produce m 
or modify this action. The only means of judging whether this ■ 
supposition is correct, is to compare the results derived from it 
with those deduced from observation. 

69.' Let us now consider what takes place when the luminous 
Fig. )60. particle approaches the surface of emergence A^ B, , which, for the 
sake of simplicity, we will suppose parallel to the first surface. 
The attractive forces, exerted by the body near these two sur- 
faces, will have the same extent of action. Let us then repre- 
sent, by the parallels a, b^, a^ 63, the interior and exterior limits 
where these forces cease to be sensible. This being done, while 
the luminous particle is approaching the interior limit a, 6,, it 
will continue to move in a straight line with the velocity derived 
from refraction ; but when it has passed this limit it will begin 
to be attracted again towards the interior of the refracting body, 
by forces varying with the successive zones through which it 
passes. In order to calculate the effects which these forces will 
produce upon it, it is only necessary to decompose its velocity 
into two others, the one parallel to the surface of emergence 
A^B^^ and the other perpendicular to it. Now it is evident that 
the action of the attractive forces will not change the first velo- 
city which is perpendicular to their direction ; but it will tend 
constantly to diminish the normal velocity to which it is parallel 
and opposite, since this velocity tends to bring the luminous par- 
ticle without the body, while the attractive forces have a contrary 
tendency. 

• Consequently, from the instant the action of these forces be- 
gins, the path of the luminous particle will be in a curve con- 
vex towards the surface of emergence ; but on account of the 
similarity of position which we have supposed between this sur- 
face and the surface of entrance, the actions experienced by the 
particle will be exactly equal, so that in approaching the second, 
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surface it will not lose what it had acquired in departing from tke 
first. It will therefore reach ^^B^^ with the same velocity which 
it had at AB ; and then, passing this limit, it will continue to be 
affected by the action of the medium ABA^B^^ which will retard 
it, and will tend to draw it inward, but with an energy continually 
decreasing in proportion as its distance becomes greater ; until at 
length this action entirely ceases to be sensible, when the par- 
ticle has reached a, b,, the exterior limit of the attractive forces, 
after having gradually lost all the increments of velocity which 
it had acquired at its entrance into the refracting medium. Then 
the particle, being no longer influenced by the attraction of this 
medium, will continue to move with its primitive velocity, in the ' 
direction of a straight line, tangent to the last element of the 
curve it has described ; and this tangent, on account of the par- 
allelism of the two surfaces, will be parallel to the primitive 
direction of the particle before it entered the refracting medium* 

70, Let us now consider the case where the surface of emer- ^*fr ^^ 
gence A^B^, instead of being parallel to the first surface, is in- 
clined to it at a certain angle. Then the limits of the action of 
the medium will still be near this surface, and we can likewise re- 
present them by the straight lines o,b^^a^h^^ drawn at the same 
distance as before. Moreover, the succession of actions exerted 
by the medium, at different distances from the surface of emer- 
gence, will also be the same. But the normal velocities which 
these actions will have to oppose will be different ; for, upon 
repeating here the decomposition which furnishes these velocities, 
it will be seen that they become noore feeble in proportion as 
the direction of the ray approaches the surface of emergence. 
If their value is still such that the attractive forces are not sufii- 
cient to destroy it, the luminous particle will traverse all the 
zones where these forces are sensible, will pass their exterior 
limit, and having regained all its primitive velocity, will move off 
in a straight line in such a manner that the sine of its emergence 
will be to the sine of its interior incidence in a constant ratio, 
and this will be the same that it has at the surface of entrance* 
But it is also possible that the luminous particle may reach the sur- 
face of emergence with such an inclination, that its normal velocity, 
which alone tends to make it emerge, will be entirely destroyed 
by the continued and increasing attraction of the medium, be- 
fore it has passed this surface ; or there may remain sufficient 
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Telocity to make it pass, and then this remainder may be de- 
stroyed by the retarding action of the medium before it has 
attained the exterior limit a, b,, where this action ceases to be 
sensible. In both cases, the luminous particle, in proportion as 
its normal velocity is diminished, will yield to the action of the 
other component whose intensity does not suffer any diminution, 
so that its path will be bent more to the surface of emer- 
gence to which this component is parallel. The moment this 
component comes to act alone, the normal velocity being destroy- . 
ed, it will cause the luminous particle to describe a small ele- 
ment of a straight line parallel to the surface of emergence; 
after which the attractive action of the medium, experiencing no 
obstruction, will draw the luminous particle inward by a course 
symmetrical with that by which it approached the surface of 
emergence, and will communicate to it in a contrary direction 
the same degrees of normal velocity which it had before destroy- 
ed, until the particle, having reached the interior limit a, b„ 
where the attractive forces cease to be sensible, will continue its 
course in a straight line, with the same velocity it had before 
entering the strata of variable attraction, and in a symmetrical 
direction ; so that the angles of reflection and incidence will be 
equal. 

71. This analysis makes known the origin of the change from 
refraction to reflection, which is actually observed in certain cir- 
cumstances at the second surface of bodies; and teaches us, 
moreover, that this change is not limited to a single incidence, but 
may be distinguished into three cases. 1. When the reflection 
takes place in the substance of the refracting medium between the 
interior limit of the attractive forces and the surface of emer- 
gence; 2. When it takes place at the surface of emergence; 3. 
When it takes place between this surface and the exterior limit 
of the attractive forces, the luminous particle emerging first from 
the refracting medium, and afterwards entering it. This last 
case is that in which the angle of emergence, calculated accord- 
ing to the ratio of the sines, becomes equal to 90^ ; it is also 
that which determines the interior incidence the nearest to the 
normal, under which the total reflection takes place. We shall 
see, hereafter, that these different limits become very manifest 
from observation, although the spaces in which they are compre- 
hended are altogether insensible ; insomuch that the ray appears 



Physical TTieory of Refraction. 73 

to be broken suddenly and at the same point in these different 
cases. 

Hitherto we have considered the bodies subjected to ex- 
periment, as contiguous to a void ; we shall now see what 
takes place when the light passes from one refracting medium 
into another. It is easy to combine these two phenomena ; for it 
is sufficient to remark that in this case the luminous particle is 
attracted, not only by the medium which it leaves, but also by 
that which it is to enter. 

Let M be the first medium, M' the second, and A'B' their Fig. 62, 
common surface. While the particle is at Jtf, so far from the 
surface A'B'^ that the attraction exerted by the first medium 
is equal on all sides, and that of the second still insensible, it 
will move in a straight line with the constant velocity which 
the action of the first medium has impressed upon it. But when 
it has arrived within the limits of distance where the intensity of 
the attractive forces becomes variable, it will begin to experi- 
ence simultaneously the action of the two media, drawing it in 
contrary directions; that of the medium it has left tending to 
retard it, and that of the medium to which it is approaching 
having a tendency to accelerate it. Accordingly it will be influ- 
enced only by the difference of these actions, which are both 
directed perpendicularly to the common surface A*B\ Hence 
we see that if the medium which it is about to enter, acts at an 
equal distance with greater force than the other, it will always 
enter, and after passing, in a curvilincal direction, beyond the 
interior limit a^h^ of the attractive forces, it will at length go 
on in a straight line with a constant velocity. But if, on the 
contrary, the first medium acts more strongly upon the ray than 
the second, we may consider the luminous particle as moving 
in a medium, whose action will be simply the difference of action 
of the two media, and consequently retarding, A*B' becoming the 
surface of emergence. Then we shall find all the cases of emer- 
gence and of interior reflection which we have already consider- 
ed. Thus the incidence may be such that the particle shall be 
refracted and afterwards move in a straight line into the second 
medium ; but it is likewise possible that the refraction may be 
changed into reflection ; and here, as when the particle emerged 
into a vacuum, the reflection may take place, either in the inte- 
rior of the first medium, between the interior limit a, h^ of the 
Opt. 10 
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attractive forces and the common surface A^B' ; or at the surface 
A^B^ itself; or lastly, in the interior of the second medium, even 
to the second limit a, b, of the attractive forces. But generally, 
when the ray passes from one medium to the other, whichever 
be the medium that acts most strongly upon the light, the ratio 
of the sine of incidence to the sine of refraction will be constant, ^ 
and the reciprocal of the ratio of the velocities in the two media. ' 
' 72. Let us now endeavour to realize these results by expcri-' 
ment, and see whether they are conformable to theory. In 
the first place, as to the constancy of the ratio of refraction and 
its value, we can easily verify them in the following manner* 
Having measured the deviation effected by a prism under a 
determinate incidence of the luminous rays, extend over one of 
its surfaces a stratum of some transparent substance, rendered 
throughout of the same thickness by being pressed with polished 
glass, or by being ground and polished. It will be found that th^ 
addition of this stratum to the prism does not alter the obsenre^ 
deviation, the incidence remaining the same ; wherefore th.^ 
ratio of refraction which the light experiences ip penetrating th^ 
stratum, is exactly counterbalanced by that which takes plac ^^ 
at the second surface where it touches the glass, so that it pen^^ 
trates the glass in the same manner as if it had entered it directly"^ 
This is at once a consequence and a verification of the proper**** 
ties deduced theoretically. 

In order now to observe the progressive efiect of the incidence 
Fig. 64. upon the interior reflection construct a prismatic vessel AABB^ 
whose anterior and posterior faces, formed of glass, may b^ 
gradually inclined the one to the other, and remain exactly^ 
fitted to two parallel planes of copper, in such a manner as ^ 
to form a prismatic vessel of a variable angle. Then, having " 
filled this vessel with water or any other liquid, dispose vertically 
the anterior face jBjB, and direct perpcndiculnrly upon it a fixed 
horizontal ray 5/, obtained from a heliostat. The ray thus 
penetrating the liquid with a perpendicular incidence, will con- 
tinue its course in a straight line till it reaches the second sui^ 
face of the prism, where it will experience, in general, a partial 
reflection, which will carry a portion of it into the interior of 
the liquid, and thence out to O" through the horizontal surface. 
The rest, experiencing the action of the refracting forces, will 
come out refracted in the direction I'O^ if.it is capable of emerg- 
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ing ; and if not, this also will be drawn into the interior, making 
the angle of reflection equal to the angle of incidence, and will 
go to join in O'^ the portion partially reflected. Then, in order 
to follow out the phenomenon, render the second face AA verti- 
cal, and having formed a liquid plate wiih parallel faces, the 
ray will be seen to pass on without any deviation whatever^ as 
if there were no prism interposed. But ns the angle is opened 
a little the refraction will begin to take place, the emerging 
ray being turned upward. This deviation will increase in pro- 
portion as the angle is enlarged, which will bring the interior 
. incidence nearer to a coincidence with the second surface. 
■We shall at length arrive at a point in which the obliquity will Fig. 65. 
be such, that the emergence will be hardly possible, the ray at Fig. 66. 
its departure grazing the surface of the second glass. Beyond 
this term the ray will no longer emerge, but will be entirely 
reflected inward. This will take place when the sine of the inte- 
rior incidence, reckoned from the normal, is equal to unity divid- 
ed by the ratio of refraction. Then the total reflection will con- 
tmue to take place inward, under every enlargement of the angle 
of the prism, this enlargement bringing the interior incidence 
always nearer to a coincidence with the second surface. These 
details are strictly conformable to the results furnished by the 
theory of the attractive forces. B'ig. 65. 

73. One circumstance must here be mentioned which will be 
Useful hereafter; at the moment when the emergence is on the 
point of becoming impossible, it does not cease suddenly and at 
once for the whole ray ; but the part of this ray which pro- 
duces the sensation of red is the last to disappear. Such indeed 
''^Ust be the result, if, as we have already remaiked, this portion 
** composed of rays less refrangible than the rest, and whose 
"^tio of refraction consequently differs less from unity. 

It may be asked how it happens that a certain number of par- 

**dc8, under all incidences undergo an interior reflection, even 

^hcn their velocities, decomposed perpendicularly to the rcfract- 

^g surface, are suflicient to make them emerge. It arises from 

^is, that beside the velocity of translation, which alone we have 

"^T^ considered, these particles are affected also by particular 

Physical circumstances to be made known hereafter, which favor 

the action exerted upon them by the reflecting forces of the second 

Burface ; an action from which the other particles are free, being 

less fitted to yield to it. 
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74. When a prism of a variable aegle, like that we have de- 
scribed is not at hand, the effect of interior reflection may be 
observed in a very simple manner. Place a triangular prism 

Tig. 67. ^JJC, between the light and the eye in such a manner that the 
incident rays S/, entering by the first face AB^ may be reflected 
at the base £C, and then pass out through the posterior surface 
AC If we would attend to all the particulars of this phenome* 
non, the eye must first be placed sufficiently high to allow the 
objects situated below the base BC to become visible by refrac* 
tion through the angle BCA. In this position the rays SIP^ 
which come from objects situated above AB^ are refracted also in 
I'y and emerge into the air above the prism, with the exception, 
always of the feeble portion which experiences in P a partial 
reflection. But if the eye be lowered a little there will be found 
a position in which the objects placed below BC cease to be 
visible by refraction ; and, on the contrary, the exterior objects^ 
situated above jJB, are represented on the base £C, as in a mir- 
ror. It is because the refracted rays 11\ becoming, in this case, t< 
oblique to BC to be capable of emerging into the atmosphere 
are all reflected inwards ; and as no ray, coming from the object 
situated under £C, can, upon being refracted by the prism, d( 
part so far as these from the normal FN*^. none can any longe 
reach the eye. Thus, when this total reflection has once coi 
menced, it will continue under all the greater obliquities. 

75. In order to fix the exact limits where these objects di-^ 
appear, consider NTT* the greatest possible angle of refracti«>* 
for the rays which enter the prism by the base JBC; and dra-"^ 
the emergent ray P^O, resulting from the second refractio*^ 
through the face AC. Then, if we draw through the verteK ^ 
the angle C, the line CO parallel to P'O, it is manifest that ri« 
ray coming through the face jBC, can enter the angle OC^ ' 
comprehended between this straight line and the prolongation ^ 
the base of the prism. Accordingly, while the eye is situat^^ 
within this space all the objects below BC will be invisible b^ 
refraction. 

76. It is to be remarked that the phenomena of total rcflectior* 
can never be observed when wc look through the same face o* 
the prism at which the rays enter, as is shown in figures 68 aD<I 
69. For, if the prism be turned as in the first of these figures, 
the refracted ray W can never be totally reflected at the second 
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surface C£; and if, on the other hand, the prism be turned as in 
figure 69, the reflected ray W will cease to be capable of^*^ 
escaping through the first surface AB before its total reflection 
at the second JlB begins to takes place- 
Let us recur now to the mode of observation employed above ; pig. 67. 
but instead of leaving the whole base BC in contact with the air, 
put a drop of water on one of its points JB. Then, as the prism ^^' ^ 
is turned slowly about its axis, the eye being placed at O, so as 
to receive the reflected rays SIF coming from the clouds, it will 
be seen that the total reflection begins to take place on every part 
of the base £C, which is contiguous to the air, before taking place 
at the point £ where the drop of water is placed ; so that this re- 
mains some time visible through the thickness of the prism by 
means of the rays which emanate directly from it. As the eye 
is lowered towards the base fiC, to render the rays more ob- 
lique, the total reflection gradually begins at £, and the drop 
disappears. 

77. All these phenomena are the necessary consequences of 
be theory. When the refracted rays IE fall upon the base BC 
irith an incidence nearly perpendicular, they do not experience 
i total inward reflection, even at the point of the base contiguous 
o the air. Reciprocally every ray coming with this incidence 
rom objects situated below the base of the prism, enter it and 
^me to the eye. But when, upon lowering the eye, the refract- 
^ rays IE become more and more oblique to the base £C, we 
^t length reach a point where the action of the air in contact 
^ith this base is not strong enough to transmit them ; then, they 
^Ul be totally reflected, after departing from the prism, provided 
•hey do not exceed the exterior limit of the attractive fortes of 
;las8 and air. But the incidence at wl^ich this phenomenon 
■^kes place, is not the same for the point E where the drop ad- 
^^res, because the attractive action of the water upon light is much 
**>tM)gcr than that of air; which rendei's the normal forces, tend- 
Qg to make the luminous particles emerge, much more powerful. 
*^ ia thus necessary to lower the eye more towards the base BC, 
^ order that the interior reflection may take place at the point E 
^here thft drop is situated ; and it is only when such an inclina- 
tioQ u effected that the drop entirely disappears. At this instant 
Acre is a certain number of rays S/, coming from external objects, 
which pass through the drop at an infinitely small distance from the 
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base of the prism, and which being then drawn into the interior 
of the prism by refraction, reach the eye. When the drop is 
of a transparent liquid, these rays in their short passage through 
it are not sensibly weakened* Their brightness in this case 
prevents us from distinguishing the feeble light which is still 
sent to the eye by the infinitely thin liquid stratum embraced 
by the attractive forces. Accordingly the drop disappears. 

The limit would manifestly be different if the substance appli- 
ed to the base BC were opaque, even though its refracting force 
were otherwise the same as that of water. For then the rays 
Sly which must penetrate it in order to be reflected would be 
arrested by its opacity. In this case, we should begin to see the 
total reflection only at the moment when tk refracted rays 
JE are reflected at the limit of the two media; which re- 
quires an interior incidence approaching more nearly to this sur* 
face. Although the difference of thickness by which this case 
of reflection is distinguished from the preceding, is infinitelj^ 
small, or at least, incapable of being appreciated by our senses, 
yet its influence upon the angles of incidence and reflection is- 
very perceptible. If, for example, the substance applied to the 
base of the prism be bees-wax, which can be rendered alter^ 
nately transparent and opaque, bj being subjected to the flame 
of a candle and then suffered to cool, it will be found that the 
total reflection, in this last case, will begin at an incidence at least 
eight degrees nearer the reflecting surface than in the other. 
Laplace was the first who pointed out this difference of limit 
required for interior reflection in transparent and opaque bodies. 
Ho has afforded the means of calculating the incidences in both 
cases, according to the theory of attractive forces ; and Malus 
has realized these results in the experiment which we have de- 
scribed ; adding at the same time the exact measure of the an- 
gles, which prove that the limits of incidence, given by observa- 
tion, agree exactly with the theoretical ones. This agreement, 
and the constancy of the ratio of refraction, are two strong cir- 
cumstances in favor of the hypothesis of the emission of light, 
especially when we consider by what secret links these two 
results are connected together. 

73. Wc arc indebted, moreover, to Malus for another experi- 
nicnt, which, without being susceptible of measurement, affords 
a striking example of the action of the attractive forces in the 
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phenomenon of total reflection. He placed upon the base of a 
prism of crown glass a drop of ink, which being at first transpa- 
rent, permitted total reflection under certain angles of inclina- 
tion. But gradually, as this drop increased in density by dry- 
ing, greater degrees of obliquity were necessary in order to make 
it disappear ; and at length becoming entirely opaque, it ren- 
dered the phenomenon impossible by reason of the great refract- 
ing force of the metallic particles which enter into its composi- 
tion. If the glass of the prism had been of a kind possessing 
greater refracting power, perhaps the reflection would have 
been possible ; and then the incidence at which it took place 
would have determined the ratio of refraction of the ink, though 
it had become impermeable to light. In general, it appears 
that we can determine, by this method, the ratio of refraction 
even of opaque bodies, when we can apply them to the second 
surface of a transparent prism, possessing a greater refracting 
power than the bodies themselves. But it is necessary carefully 
to calculate the total reflection as it begins to take place at the 
common surface of the body and the prism. This ingenious 
process was suggested and applied by Dr Wollaston ; but it was 
Mains who first remarked the necessity of a different calculation 
for the results of experiment, according as the body applied is 
c^que or transparent ; and this he did from the formulas for 
the two reflections given by Laplace. We hence derive a simple 
method of finding very nearly the ratio of refraction of a given 
liquid, when the quantity possessed is quite small. We have 
merely to apply a drop of it to the second surface of a prism, 
and observe if it disappears sooner or later than the drops of 
other liquids whose ratio of refraction is known. 

79. Having thus explained the methods of determining by 
experiment the refracting powers of all transparent bodies, and 
also those of opaque bodies, when they can be brought into con- 
tact with a transparent body of a greater refracting power than 
themselves ; it remains to bring together the results obtained in 
thb way for different classes of substances, in order to see 
whether we can discover any relation between their refracting 
forces and their chemical composition. This is the purpose of 
the following, table formed by Newton. 
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Dicpirks, 



Refracting Substances. 



False topaz (salphale of barytas) 

Air 

Glass of Antimony 

Selenite (sulphate of lime) . . . 

Comnon Glass 

Rock cr}'8tal 

Iceland spar 

Common, salt (muriate of soda) . 
Alum (sulphate of potash) . . . 
Borax (borate of soda) . . . • 
Nitre (nitrate of potash) .... 
Dauteick vitriol (sulphate of iron) 
Oil of vitriol (hydro-sulphuric acid) 

Rain water 

Gum Arabic 

Alcohol 

Camphor 

Olive Oil 

Linseed Oil 

Spirits of Turpentine ..... 

Amber 

Diamond 



Ratio of the fine 
of incidence to the 
sine of refraction 
fox yellow light 

n. 



23 to 

3201 to 

17 to 

61 to 

31 to 
25 to 

6to 
17 to 
35 to 
22 to 

32 to 
303 to 

10 to 

529 to 

81 to 

100 to 

3 to 

22 to 

40 to 

25 to 

14 to 

100 to 



14 
3200 

9 
41 
20 
15 

3 
11 
24 
15 
21 
200 

7 

396 

21 

73 

2 
15 
27 
17 

9 
41 



Vnlues 
of the 
quantity. 

n» — 1. 



1,699 

0,000625 

2,568 

1,213 

1,4025 

1,445 

1,778 

1,388 

1,1267 

1,1511 

1,345 

1,295 

1,041 

0,7845 

1,179 

0,8765 

1,25 

1,1511 

1,1948 

1,1626 

1,42 

4,949 



Density of 

the refract- 
ing sub- 
stance. 



4,27 

0,0012 

5,28 

2,252 

2,58 

2,65 

2,72 

2,143 

1,714 

1,714 

1,9 

1,715 

1,7 

1,00 

1,375 

0,806 

0,996 

0,913 

0,932 

0,874 

1,04 

3,4 



Its refract* 
ing power. 

»« — l.» 



3979 

6208 

4864 

6386 

6486 

6450 

6686 

6477 

6570 

6716 

7079 

7661 

6124 

7846 

8674 

10121 

12661 

12607 

12819 

iaS2S 

13664 

14666 



From inspection of this table it appears that substances of 
very different densities may have equal refracting forces ; and also 
that a substance of less density than another may yet possess a 
greater refracting power. Accordingly, as we before observed, 
the action of bodies upon light does not depend upon their den- 
sity alone, but also upon the chemical nature of their particles. 
It appears, moreover, that the substances whose refracting power 
is greatest, arc in general, the resins and oils ; and as that of 
distilled water is little inferior to them, it is natural to conclude 
that there must be in water some inflammable principle analogous 
to that of which the resins and oils are composed. The same 
conclusion must be extended likewise to the diamond whose re- 
fracting power is still greater. These striking suggestions did 
not escape the sagacity of Newton ; and he did not hesitate to 
make them known. For this great man, who practised the 
greatest severity in his experiments, and the most cautious re- 



* The numbers belonging to this last column have been multiplied 
by 10000 to avoid decimals. In the first column, the modern names 
are subjoined to those used by Newton. The great weight of the 
stone which he calls fahc topaz^ leaves but little doubt that it is the 
sulphate of barytes. 
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serve in his conjectures, never feared to follow out the conse- 
quences of a truth however far it might lead him. 

If we would discover what this principle is which is common 
to the oils and resins, and which gives them so powerful an ac- 
tion upon light, we have no better means of doing it than by de- 
termining the refracting powers of gaseous substances ; for, since 
almost all bodies with which we are at present concerned, are 
composed of gases combined together, we shall thus have the ad- 
vantage of surveying them in their most general elements. This, 
as before mentioned, Aragoand myself have done. In what man- 
ner the observations were made and what were their immediate 
results, we have already stated ; it remains now to make known 
the refracting powers thence deduced. 

Refracting Power of the Gases for the Temperature of 32°, and 
the pressure o/" 29,92, deduced from a collection of Observations. 



Gases* 



Atmospheric Air 

Oxygen • • • 

Azote . • • • 

Hydrogen • . 

Ammonia • • 

Carbonic Acid • 

Car bu retted Hydrogen 

Hydrogen more carbu- 
retted than the pre- 
ceding 

Muriatic Acid Gr^s 



Deosity, that of 
atmospheric air 
being unity* 



1,00000 
1,10359 
0,96913 
0,07321 
0,59669 
1,51961 
0,57072 

0,58825 

1,24740 



Value of 

n^ — 1. 



0,000589171 
0,000560204 
0,000590436 
0.000285315 
0,000762349 
0,000899573 
0,000703669 

0,000630300 

0,000879066 



Refracting 

power, that of 

air being unity 



1,00000 
0,86161 
1,03408 
6,61436 
2,16851 
1,00476 
2,09270 

1,81860 

1,19525 



All the densities collected in this table are the results of our 
own experiments. The values of the refracting powers would 
be somewhat different, if we were to substitute the densities 
given by MM. Dulong and Berzclius. 

From inspection of this table, it appears that the refracting 
power of hydrogen very much exceeds that of any other gas, 
and even that of any other substance hitherto observed. This 
element exists in great abundance in resins, oils, and gums, 
"^here it is united with carbon and oxygen ; and is accordingly 
that which gives to these substances the great refracting power 
^hich Newton so justly remarked. This influence of hydrogen 

Opt. 1 1 
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is eminently exhibited in ammonia, which is composed of hydro^ 
gen and azote. The refracting power of this gas is double that 
of air, and therefore, according to the first table, exceeds that of 
water. 

'But let us go further ; and, since each substance seems to carry 
with it its peculiar character in all the combinations into which 
it enters, and to retain, to a certain extent, the force with which it 
acts upon light ; let us endeavour to estimate under this view 
the influence of the constituent principles which belong to any 
given mixture or composition. 

80. If we should attempt to discover these relations for any 
other substance but light, we should meet at once with insuper- 
able difficulties, arising from the combination and degree of con** 
densation of the constituent principles ; for, although the chemi- 
cal action is exerted only at very small distances, yet these 
distances admit of being compared together ; so that the greater 
or less distance between the particles cannot fail to alter the 
intensity of the action. These variations, further modified by 
the figure of the particles, must render the ratios between the 
compounds and their elements, extremely complicated; and 
though we cannot estimate the effects thus produced, it is roan** 
ifestly on account of them that the two have not the same pro- 
perties. But, according to the most probable theory of light, the 
extreme minuteness of its particles, compared with the distances 
by which the particles of bodies are separated, must render the 
effect of small changes in these distances less sensible. Accord- 
ingly the refracting powers of bodies must differ little from those 
of their constituent elements, especially if these powers are to 
be ascribed simply to the action of the material, ponderable par- 
ticles, and if their energy is not modified by the greater or less 
abundance of imponderable principles, united with them, which 
the act of combination almost always changes. 

In order now to determine what must be the influence of each 
element, it must be remembered that the refracting power of 
a body is a quantity proportional to the sum of the attractive 
forces which it exerts upon light at different distances, and with 
a density equal to unity ; this sum being reckoned from the 
instant the luminous particle begins to be sensibly attracted by 
the body, to the instant it arrives at the surface. If then we 
suppose that the proper action of each element is not altered in 
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the combiDatioD, it will follow that at each distance, taken within 
these limits, the total attraction experienced by the luminous 
particle, will be equal to the sum of the attractions exerted upon 
it by the different elements composing the attracting body ; and 
the part of the effect due to each element, will be proportional to 
the product of its proper refracting power by its mass, that is, by 
the ponderable quantity of this element which enters into the 
combination, y 

81. Let us, in the first place, try this law in those simple cases 
in which there is little or no condensation. Atmospheric air 
will afford a convenient example. It is known that this air when 
dry, contains 0,21 by bulk of oxygen gas ; the rest is a mixture 
of azote, carbonic acid, and perhaps other gases in impercepti- 
ble proportions. For the sake of simplicity, we will take into 
consideration only the azote and carbonic acid ; and will sup- 
pose 0,784 of the first, and 0,006 of the second, these quantities 
being always reckoned by bulk. I adopt these proportions, 
because they agree very nearly with the results obtained by 
analyzing atmospheric air, and because they satisfy the values 
of the densities determined by experiment. Now in order to 
find the ponderable quantities of each element which enters into 
the volume 1, each fraction of this volume must be multiplied by 
the density of the gas of which it is composed. We shall thus 
have 

Oxygen . • . 0,210 X 1,10359 = 0,231754 
Azote .... 0,784 X 0,96913 = 0,769798 
Carbonic acid . 0,006 X 1,51901 = 0,009114 



1,000666 



This sum is nearly equal to unity \ and that is what it ought 
to be, for it must express the specific gravity of the mixture, that 
is, of atmospheric air, which we have taken for unity. The 
error is like those that occur in observations of which no account 
is to be given. By neglecting it, the results which we have cal- 
culated will be precisely the ponderable quantities of the three 
dements which compose a mass of atmospheric air equal to 
unity. It remains then to multiply each of these by the refract- 
ing power which corresponds to its nature, and we find 
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Oxygen 0,199682 

Azole 0,785693 

Carbonic Acid 0,009157 

Refracting power of the composition 0,994533 

The sum of these numbers expresses the refracting power of 
atmospheric air, deduced from its constituent elements. To be 
perfectly exact, it ought to be equal to unity ; the error is equal 
to 0,005468, or about five thousandths of the total valae. It 
would not amount to three tenths of a second in the elevation of 
the pole at Paris; and this difference may arise from errora 
almost inevitable in making experiments ; for the preceding re- 
sult, depending on the specific gravity of the gases, their purity, 
and the refractions they produce, is connected with a great 
number of operations which are liable to error. 

Accurate and numerous analyses of atmospheric air, made in 
different climates, and under circumstances the most various, 
have shown that its ponderable principles are throughout the 
same, and that they exist always in the same proportions* It 
follows from this, that the refracting power of atmospheric air is 
also the same throughout the earth, since it is determined by the 
partial refracting powers of its constituent elements. Accord- 
ingly, the tables of refractions calculated for one latitude, may 
be employed in all climates, regard being had to the variations 
of density produced by change of pressure and temperature. As 
to the dificrence which may arise from the moisture of the atmo- 
sphere, we shall show hereafter that it is sensibly nothing, and 
that it may be wholly neglected. 

82. Let us now consider the cases in which the constituent 
elements are united by actual combination ; and to proceed 
gradually, let us begin with affinities that are not very powerful. 
We have a very suitable subject in ammoniacal gas, composed of 
hydrogen and azote, whose combination does not prevent its pre- 
serving the gaseous state. In this example, as in the preceding, 
according to the analysis of M. BerthoUet, the result is such, 
that if the compound had not been analyzed, and we had hardly 
known the nature of its elements, its refracting power would have 
indicated exactly its composition. 
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Proceeding now to more intimate combinations, we calculate 
in the same manner the refracting power of water from its con- 
stituent elements, hydrogen and oxygen. According to very 
accurate experiments made by MM. Guy-Lussac and Humboldt, 
water is composed of two parts by bulk of hydrogen to one of 
oxygen ; which, reduced to weight, gives for 1000 parts, 117 of 
the first to 883 of the second. Each of these quantities being 
multiplied by the value of the refracting power belonging to it, 
the sum of the products gives 1,53545 for the refracting (>ower 
of water, that of air being unity. The refracting power actu* 
ally observed by Newton, is found to exceed this by about | of 
its total value. Thus oxygen and hydrogen gas, being condensed 
into water, exert upon light an action sensibly stronger than 
when in a state of simple mixture. The same experiment made 
upon other compounds gives similar results ; that is, the change 
from a gaseous to a compact state, always produces a sensible 
increase of affinity. But this is particularly remarkable in the 
diamond, which, according to experiment, has a considerable re* 
fracting power, although from the most accurate analysis, it 
appears to consist entirely of carbon, a substance which in a 
gaseous state, exerts only a very feeble action upon light ; at 
least if we may judge from carbonic acid, of which it is one of 
^o constituent elements. 

Still the refracting power, deduced from chemical composition, 
^ill be found to differ very little, if at all, from the truth, when the 
>tate of the body undergoes only slight changes. The rule may 
^deed be employed with perfect safety in the case of mixed 
"^uids, even those which exert a very strong action upon each 
^^her, as water and alcohol. We have seen that the mixtures of 
^e gases presented a similar agreement. 

Prom what has been said, it seems probable that the rcfract- 

^S power of water in a state of vapour, differs very little from 

^citer in a liquid state ; and hence we are able to calculate the 

^'^uence which its presence in the air has upon atmospherical 

'^fractions. We thus find that the excess of refracting force of 

^^ie vapour over air, is almost exactly compensated by its infc- 

Hor density ; so that on the whole, the refraction produced by 

bosses of dry and humid air are sensibly the same, the pressure 

^^ temperature being supposed equal in the two cases. Indeed, 

Alls equality has been proved by experiment, and has been found 
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so exact that it was impossible to perceive any difiierence in the 
two cases. We hence deduce a practical prmciple of great ioh 
portance to astronomers, which is, that their obserrationa are 
independent of the hygrometric state of the air ; for, if moiBture 
had any appreciable effect, it would render the calculations in 
astronomy much more complicated. Nevertheless, by a mode 
of observation still more delicate than the one here made use o^ 
M. Arago has ascertained that aqueous vapour has a refract- 
ing power a little less than that of water in a liquid state ; and 
that in this respect there is a difference also in all other 
vapours, when compared with the liquids from which they are 
derived. Happily this difference is so small in the case of water, 
that if strict accuracy require that we should take account of it, 
still experiment shows that it may be neglected. 

83. In like manner we learn that change of temperatiue 
produces no perceptible change in the refracting powers of the 
gases ; for the deviations observed in summer and in a room wheit 
the moisture asd temperature are artificially varied, agree ex* 
actly with the results of calculation from refracting powers dc* 
duced from observations taken in winter. It is probable, how^ 
ever, that we should find a difference in this respect, if we 
were to operate at such degrees of cold as to admit the reciprocal 
action of the gaseous particles to become sensible by their ap 
proach. It is also possible that in a liquid condensed by cold, the 
attractions resulting from the configuration of its particles might 
modify sensibly their action upon light. Perhaps we may attri- 
bute to this cause the curious fact observed by M. Arago, that 
the refraction of water in a liquid state increases in proportion as 
its temperature is reduced, even when its density is diminished 
by the dilatation it experiences below the temperature of 39^. 

84. Hitherto we have considered the motion of light in homo- 
geneous media ; but we may likewise conceive of media of dif- 
ferent strata and composition, with a view to discovering what 
takes place when a ray of light traverses them. This problem 
is solved by means of the same principles which guided us in 
calculating the course of luminous particles as they approach 
the surface of bodies, or as they penetrate their substance to a 
small depth. We divide the medium, traversed by the light, 
into such' a number of strata as to allow the [density and com- 
position of each to be regarded as uniform* Then, in each 
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of these strata, the path of the luminous particles may be con- 
sidered as a parabola, whose direction is determined by the 
actual intensity of the refracting power ; and, continuing the cal- 
culation from stratum to stratum, we can ascertain successively 
the path of each luminous particle from the direction in which it 
is projected. 

Suppose ABCD such a medium, composed of horizontal strata, f^. tl 
whose ratio of refraction is at first constant for a certain height, 
and then goes on decreasing by insensible degrees, till at length 
it again becomes constant, but less than before. We shall have 
an instance of such a medium, if we conceive in the same vessel 
a thick stratum of sulphuric acid covered by a stratum of pure 
water, a disposition easily effected if we pour the water in first, 
and then introduce the acid by a glass tunnel, the end of which, 
drawn out into a narrow tube, is directed to the bottom of the 
vessel. The acid being heavier than the water, extends under 
its surface and raises it in proportion as its quantity increases. 
Now these substances having a considerable affinity for each 
«ther, tend to combine together, and the combination in fact 
takes place in the lowest strata of the water which lie imme- 
diately upon the acid. But by reason of their plane figure, the 
attraction which they exert upon each other, as well as the dif- 
ference of their specific gravities, prevents them from changing 
places; and the strata of the two substances which are in con- 
tact, being always the same, the combination can only be propa- 
gated from one to the other very slowly. Hence in spite of the 
strong affinity between water and sulphuric acid, if we do not 
make use of a very large vessel, we often find that after a whole 
day the upper strata of the water remain unmixed with the acid. 
Here then is a medium composed of strata that are parallel, 
heterogeneous, of different refracting powers and powers decreas- 
ing with the height. For the ratio of refraction of concen- 
trated sulphuric acid exceeds that of pure water, and it carries 
this property into the strata with which it enters into combhia- 
tion. Let us now suppose that the experiment is made in a rec- 
tangular vessel of thin glass, in order that its vertical sides may 
present transparent parallel surfaces which will not change the 
regularity or the course of the luminous rays. Conceive now a 
radiating point situated at j?, on one of the sides of the vessel, at 
such a height that the strata of acid which correspond to it, shall 
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so exact that it was impossible to perceive any difference in the 
two cases. We hence deduce a practical principle of great ioh 
portance to astronomers, which is, that their obserVationa are 
independent of the hygrometric state of the air ; for, if moiBture 
had any appreciable effect, it would render the calculations in 
astronomy much more complicated. Nevertheless^ by a mode 
of observation still more delicate than the one here made use ot^ 
M. Arago has ascertained that aqueous vapour has a refiratt- 
ing power a little less than that of water in a liquid state; and 
that in this respect there is a difference also in all other 
vapours, when compared with the liquids from which they are 
derived. Happily this difference is so small in the case of water, 
that if strict accuracy require that we should take account ot it, 
still experiment shows that it may be neglected. 

83. In like manner we learn that change of temperature 
produces no perceptible change in the refracting powers of the 
gases ; for the deviations observed in summer and in a room where 
the moisture ai^d temperature are artificially varied, agree ex- 
actly with the results of calculation from refracting powers de- 
duced from observations taken in winter. It is probable, how^ 
ever, that we should find a difference in this respect, if wt 
were to operate at such degrees of cold as to admit the reciprocid 
action of the gaseous particles to become sensible by their Bjp^ 
proach. It is also possible that in a liquid condensed by cold, the 
attractions resulting from the configuration of its particles might: 
modify sensibly their action upon light. Perhaps we may attri' 
bute to this cause the curious fact observed by M. Arago, thaC 
the refraction of water in a liquid state increases in proportion a0 
its temperature is reduced, even when its density is diminished 
by the dilatation it experiences below the temperature of 39^. 

84. Hitherto we have considered the motion of light in hoooa'" 
gcneous media ; but we may likewise conceive of media of dif-' 
fercnt strata and composition, with a view to discovering wha^ 
takes place when a ray of light traverses them. This probleic^ 
is solved by means of the same principles which guided us if- 
calculating the course of luminous particles as they approach 
the surface of bodies, or as they penetrate their substance to ff- 
small depth. We divide the medium, traversed by the lights 
into such' a number of strata as to allow the [density and cotor 
position of each to be regarded as uniform* Then, in each 
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elastic force sufficient to sustain the vttifhi of the superior strata. 
Now we have seen that the ratio of refraction of the air depends 
upon its density simply; consequently the strata situated im- 
mediately over the bar, will refract the light less than those 
Immediately above them ; and these again will refract it less 
than those which follow, until by a progressive but rapid grada- 
tion, we arrive at strata whose distance from the bar removes 
them from the influence of its temperature ; from this point the 
ratio of refraction will be sensibly constant. Hence it is clear, 
that if through such a medium we look horizontally at distant 
objects, situated in the direction of the bar and at a small height 
above it, we shall see two images, the one superior and upright, 
through the stratum of uniform density ; the other inferior and 
inverted, through the strata of variable density. This curious 
observation, together with many others relating to the same 
subject, is due to Dr Wollaston. 

85. The cause of these phenomena being once known, we can 
easily imitate them by methods of our own, which, besides the 
advantage of presenting them with certainty, have likewise that 
of exhibiting them in their full developement. A convenient 
apparatus for this purpose consists of an iron vessel of a rectan- 
gular shape, suspended about five feet from the ground by means 
of iron wires. In the direction of the sides of this vessel, at the 
distance of fifty or sixty feet, are placed small signals of paper 
of a triangular form, the vertices corresponding very nearly with 
the visual ray which grazes these sides. This done, we fill 
the vessel with coal partially ignited. Then, if we place the 
eye in the direction of the sides of the vessel, at the end opposite 
the signals, we shall see the image become double, as the tem- 
perature is raised, presenting distinctly two white points, one 
direct and the other inverted, which will approach each other 
in proportion as the visual rays come nearer grazing the sides, 
and at length join each other ; and this reflection, produced by 
the excess of temperature of the air in contact with the heated 
iron, takes place, as well on the vertical sides of the vessel as on 
the horizontal hottom. 

86. The same effect is sometimes very conspicuous in the 
strata of air contiguous to a dry and sandy soil, strongly heated 
by the sun. The density of the air, in this case, increases from 
the surface to a certain height, commonly very small, after which 

Opt. 12 
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it becomes for a short space sensibly uniform, and at length de- 
creases verj slowly, according to the common constitution of the 
atmosphere* If we suppose an observer placed in a stratum of 
mean density, and looking at a distant object situated also in 
this stratum, he will be able to see it in two ways ; directly 
through the uniform stratum which intervenes, and indirectly by 
the rays reflected from the inferior stratum* These rays at 
first directed from the object towards the terrestrial surface, with 
a certain inclination, enter the strata of less density, are refracted 
there, taking a direction more nearly approaching to a horizontal 
line, whence they rise, and traversing the superior and denser 
strata which attract them, pass on to the eye of the observer. 
There will then be two images of the object, the one upright, by 
direct vision, the other inverted, by reflection. If the object be 
insulated on the dark ground of the sky, an inverted image of the 
sky will surround also the reflected image of the object exactly as 
when objects are represented by reflection on the surface of water. 
87. We are hence able to explain a very curious phenome^ 
non, known to French mariners under the name of mtrage,t and 
which the French army had many opportunities of observing in 
their expedition to Egypt. The land of Lower Egypt is a vast 
horizontal plain, the uniformity of which is interrupted only by 
some small eminences which serve for the sites of villages, and 
which are thus rescued from the inundations of the Nile. Morn- 
ing and evening, the appearance of the country agrees with the ac- 
tual disposition and distance of the objects ; but when the surface 
of the soil is heated by the presence of the sun, the ground seems 
to terminate at a certain distance by a general inundation, and 
the villages beyond resemble islands situated in the midst of 8i 
large lake. Beneath each village is seen its inverted imag^ 
exactly as it appears in water. As we advance, the limits of thi^ 
inundation appear to recede ; the imaginary lake which seem^ 
to surround the village retires ; and at length entirely van-^ 
ishes, while the appearance is reproduced with respect to an—* 
other village more distant. Thus, according to Monge, froED^ 
whom this account is borrowed, every thing conspires to com-— 
plete an illusion which is sometimes painful, especially in thc^ 

f The English word looming is sometimes used to denote this ap--— ' 
pearance, generally however it is employed in a more restrict 
sense. 
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desert, since it tantalizes one with the show of water at the very 
time when he has the greatest need of it. 

A similar appearance is exhibited at sea in very calm 
weather. A ship seen at a distance and in the horizon, some- 
times presents two images, one direct, the other inverted. The 
second answers exactly to the first, and is equally distinct ; in- 
deed the effect is precisely that of a reflection from a mirror. 
Hence the name, mirage^ which mariners have given to this 
phenomenon. As it is produced by the difference of heat be- 
tween the water and air, it is commonly seen after sudden 
changes of temperature ; since the density of the water at the sur- 
face of the sea does not admit of its taking these variations so 
rapidly as the air. But on the other hand, the temperature of 
the water, and the evaporation which is constantly going on at its 
surface, prevent it from taking so high a temperature as the 
sandy surface of an arid soil. For these reasons, the phenome- 
non of double images occurs rarely at sea, and continues only 
for a short time ; whereas in Egypt and on some sandy plains 
in which the same circumstances present themselves at the same 
height of the sun, it occurs every clear day. 

88. M. Mathieu and myself observed at Dunkirk, on the sea- 
shore, many phenomena of this kind, and I have given the math- 
ematical theory of them.* I have proved that the consecutive 
paths or trajectories^ traced from the eye of the obser^^er, 
interest in their second branches, in such a manner as to form a 
caustic, below which no point can be seen. The curve LT^ -» 
represents this caustic, and DM8 is the limiting trajectory, drawn 
from the eye of the observer, a'tangent to the ground. I call it 
limiting trajectory, because it limits the height where the inver- 
sion takes place. In this figure all the points situated above the 
trajectory can send only one image to the eye of the observer. 
Those situated in the space SLT send two, the superior being 
erect, and the inferior inverted. Lastly, those situated below the 
caustic in the space MLT^ not being capable of sending any, are 
invisible ; so that a moving object, a man, for example, withdraw- 
ing successively to different distances, will present the successive 
appearances represented in figure 73. 

Theory and experiment agree in proving that no very consid- 
erable difference of temperature is necessary in order th^^ these 



* Memoirs of the Institute for 1809. 
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appearances may be produced. Two or three degrees of Fahreii' 
heif s thermometer arc suflScient, when the place of observation 
is a level and extended plain, which allows the luminous rajrs 
to be prolonged without obstacle, and thus to manifest the cur- 
vature of the trajectories described by them* Of this kind was 
the station selected at Dunkirk, it being a sandy beach situated 
in the downs, near fort Risban ; and the observations were also 
favored by the existence of a great number of distant objects, 
such as steeples, trees, and cottages, which, rising like so many 
signals above the dry soil, manifested the course of the rays by 
the appearances they presented. Moreover, the phenomenon of 
the doubling and inverting of the images, presented itself almost 
every day, arising from differences of temperature not exceeding 
three degrees of Fahrenheit. 

89. If we suppose a like difference of temperature to exist be- 
tween two strata of air, not placed vertically one above the other, 
but laterally contiguous, the phenomenon will still present itself; 
only it will take place in a horizontal direction perpendicular to 
the common surface of the two strata. The late M. Jurine and 
M. Sorret observed an appearance of this kind on the lake 
of Geneva, at a place rendered very narrow by the approach 
of the opposite shores. Now upon examining the configura- 
tion of these shores, of which the one situated on the south 
side is bordered by high mountains, and the other, situated on 
the north side, is exposed to the rays of the sun, it will be easily 
perceived that such a difference of aspect, in calm weather, or 

even when a moderate wind is blowing parallel to the direction of 

« 

the shores, may occasion for a moment, in the mass of air incum- 
bent on the lake, a lateral inequality of temperature, and conse- 
quently of density ; and this may produce inflexions in the lumi- 
nous rays which traverse the mass of air in a longitudinal direc-- 
tion sufficiently near the limit where the lateral variation of den^ 
sity takes place. 

90. It sometimes happens also, that distant objects seem sus^ 
pendcd in the air ; the image in this case is single, erect, and 
apparently not accompanied with any inverted figure.* 

* This phenomenon is called by the French suspension^ and by the 
EnglisK looming. It has been shown in the memoir above cited, that 
when thib phenomenon occurs, the second inverted image exists, but 
is infinitely educed, so that we see only the erect image which is 
detached, on iu inverted image of the sky. 
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When vision thus takes place by trajectories convex towanls 
the earth or sea, the reflection is negative ; the apparent horizon 
is much lower than it ought to be, for the height where the ob- 
servation is made. Mariners ought, therefore, to be on their 
guard with respect to this phenomenon which tends to occasion 
considerable errors in latitude. It is found, indeed, by experi- 
ment, that these errors often amount to four or five minutes* 
The apparent horizon will therefore be too low when the sea 
is warmer than the air. If, on the contrary, its temperature 
is lower, its density is increased, but by a much more rapid law 
than ordinary; and the apparent horizon is sometimes raised 
very considerably. These errors may be avoided by ob- 
serving the height of the stars, not above the horizon of the 
sea, but above an artificial horizon, placed without the inferior 
strata, where the extraordinary variation of density always takes 
place. But this expedient is not always easy even on land ; and 
on board of vessels it is altogether impracticable, on account of 
the motion of the sea. In this case the error may be corrected, by 
taking, if it be possible, the distance of the two opposite horizons 
of the sea. The excess of the sum above two right angles, will 
give double the apparent depression of the horizon which it is 
necessary to employ in the calculation. Thus we shall know 
this depression by taking half the result. Unfortunately this 
observation of the two horizons, proposed by Dr Wollaston, 
appears very difficult to be taken with accuracy ; and besides, 
we can seldom expect to find the difiercnces of temperature be- 
tween the air and water to agree sufliciently to render the two de- 
pressions equal. If it is not in our power to correct the error to 
which we are liable under these circumstances, it is at least well 
to be apprized of its existence and tendency, in order that we 
may not be misled by it. 
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91. It has already been stated, that a beam of light in tra- 
versing crystallized bodies, is generally divided into two por- 
tions of which the one, called the ordinary ray^ follows the ordin- 
ary law of refraction assigned by Descartes ; while the other, 
called the extraordinary ray^ is subject to very different laws. 
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According to a very ingenious remark, first made by Dufay 
and Qonfirmed by all succeeding observations, this phenom- 
enon takes place in all crystals, except those whose primi* 
tive form is the cube or some of its geometrical derivatives* 
The separation of the refracted rays, proceeding from an inci- 
dent beam, is more or less considerable, according to the nature 
of the crystal, and the direction in which the light traverses it; 
but this last variation is subject to the same law for all sub- 
stances. In general, there are two directions, and only two, in 
which the separation of the two rays is infinitely small or notb* 
ing, and their velocity the same* These two directions are calti 
ed the axes of the crystal. In proportion as the refracted rays 
deviate from the axes, their velocities of transmisbion become 
different; and this diversity is manifested, in general, by the sep- 
aration or divergence which takes place in the rays, when the 
obliquity of incidence or emergence is the same. The in* 
equality of the velocities increases according as the refracted 
rays form greater angles with the two axes ; and it is the 
greatest possible when these angles are both right angles, that 
is, when the refracted rays become perpendicular to the plane 
of the two axes. Among the different kinds of crystals there 
are some in which the angle formed by the two axes is abso- 
lutely nothing ; these may be regarded therefore as having but 
one axis. It is thus indeed that we did at first consider them; 
but it is better to imagine two axes, coinciding with each other, in 
order to preserve the analogy, and for the purpose of compre- 
hending all crystals under one law. This case, however, is evi- 
dently more simple than the general one, because the inequality 
of the velocities depends entirely upon a single angle ; on this ac- 
count it will be examined first ; and to make the process still more 
easy, we shall take, for an example, the rhomboidal carbonate 
of lime, commonly called Iceland spar; which, besides being re- 
markable for a double refraction extremely energetic, has likewise 
the advantage of being frequently met with in collections of 
minerals. 

92. The crystals of this substance present cleavages in three 
directions, remarkable for their evenness and the facility with 
which they are effected. They are hence often separated of 
themselves into an infinity of small rhomboidal solids, having 
each six faces, parallel two and two, and formed of similar par- 
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allelograms. Each of these rhomboids has six acute solid angles Fjg. 74 
and two obtuse. These last are formed of three plane angles 
equal to each other and equally inclined. In the acute angles 
formed by two faces, the inclination is 74^ 55^, and it is conse- 
quently 105^ 5' in the other angles. Malus measured these in- 
clinations by the reflection of light. Dr WoIIaston obtained the 
same result; and I also have had occasion to confirm the accu- 
racy of this meaS'irement. The primitive form adopted by 
Haiiy is, in like manner, a rhomboid, similar to the above, as 
respects the angles, but in which we suppose all the faces equal 
to one another ; so that each becomes a perfect rhombus. 

93. If we place one of these rhomboidal solids over a printed 
page or a piece of writing, and look at the characters through its 
thickness, the whole appears double; so that each radiating 
point under the crystal, sends two images to the eye, and con- 
sequently causes each ray to become two rays. Whence, recip- 
rocally, each incident ray is divided into two portions in tra- 
versing the rhomboid. Indeed this may be verified by causing 
a single ray of light, obtained from a heliostat, to pass through 
the crystal; for two distinct rays are found to emerge from 
the refracting medium. Now in order to measure the divergence 
of these rays and determine their course, a very simple method 
has been devised by Malus. On a large ivory plate upon which 
we place the rhomboid, we trace, in very fine black lines, a right- 
angled triangle JlBC^ whose smaller side J3C, is, for instance, one 
tenth ofjlC* If we look at this triangle through the rhomboid, v\g. 7& 
we shall see it double in whatever manner we place the eye. 
and for each position there will be a point F in which the line 
A^O^ the extraordinary image of AC^ will cut the hypothe- 
nuse JlB, which we suppose to belong to the ordinary image. 
If we lake then, in the same triangle, a length AF' equal to A'F^ 
the point F' will be that whose extraordinary image coincides 
with the ordinary image of the point F, considered as belonging 
to the hypothenuse AB. The ordinary ray coming from jP, and 
the extraordinary ray from 1^, are then confounded together 
after their egress, and send only one emergent ray to the eye. 
Reciprocally, a natural ray which proceeds, according to this 
last direction, from the place where the eye is, and which is 
directed towards the crystal, is refracted there into two portions, 
o&e of which ends in the point F. and the other in P, of the 
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triangle, drawn under the base of the rhomboid. Indeed tbe 
motions of light are such as to present this reciprocal effect in 
rajs which go and return by the same course, and which thus 
undergo the same successive modifications only in an inverse 
order. But here it is possible and proper to verify the phenom- 
enon directly by experiments with the heliostat. Accordingly, if 
the lines AB, AC^ are each divided, for instance, into a thousand 
equal parts, and every tenth division numbered, a mere inspec- 
tion of these numbers will be sufficient to indicate what are the 
points oi AB and AC^ whose ordinary and extraordinary images 
coincide ; consequently, if the position of these lines and that of 
the triangle are known with respect to the edges of the base of the 
rhomboid, we shall always know, in each case, to what part of 
this base the point F corresponds, and to what the point F*. Thus, . 
in order to construct the refracted rays, it only remains to deter: 
mine on the superior surface, the position of their common point 
!lg. 74. of emergence /. This is done by stretching over the superior sur- 
face of the rhomboid, two fine silk threads, crossing each other at 
right angles, and observing the diverfi;ence of the images, when the 
common emergent ray pa^es the point of the surface where the 
threads cross. But we must also know the direction of this ray, 
that we may be able to assign the incidence under which the ob- 
served divergence takes place. This, likewise, is easily obtained 
by drawing in the plane of the triangle at which we look, four 
straight lines, divided and disposed rectangularly, but without the 
space covered by the rhomboid. At the moment when the diver- 
gence of the images is observed, we note the points of the divisions 
on which the threads arc projected. The planes drawn through 
these points and through the threads, being prolonged to the 
eye, will evidently indicate, by their intersection, the direction 
of the emergent ray. 

94. Suppose now, that such an apparatus as that above de- 
scribed, is applied to a crystal of Iceland spar, terminated by 
natural rhomboidal faces. Among all the positions which can be 
given to the rhomboid on its plane, there is one which merits par- 
ticular attention, because in it the extraordinary refraction takes 
place, as well as the ordinary refraction, in the plane of incidence 
itself. To ascertain this position, conceive a plane drawn through 
one of the sides, as w2C, of the divided triangle ABC^ perpendicu- 
lar to the superior and inferior surfaces of the rhomboid ; then 
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place the eye in this plane, and turn the crystal gradually upon 
its base, until the two images of the right line ACj take a com- 
mon direction ; and present a partial superposition, as in fig. 76. 
Then, as we know that the ordinary image always remains in 
the common plane of incidence and emergence, the extraordina- 
ry image which coincides with it will be found there, in like 
manner. This coincidence is observed when the straight line AC, 
the object of view, bisects one of the obtuse plane angles of 
the rhomboid, or is parallel to such bisecting line. Then the 
divergence of the two images, perpendicular to the plane of 
incidence, becomes nothing ; and consequently, whatever be the 
forces which produce the extraordinary refraction, it is certain 
that their resultant is comprehended wholly in this plane. On 
this account it has received a particular denomination, namely, 
the principal section of the rhomboid. If we suppose the crystal 
on which th^se experiments are made to have the precise primi- 
tive form which belongs to carbonate of lime, the bases of the 
rhomboid will be perfect rhombuses; and then the principal 
section will contain the small diagonals drawn upon each base 
through the vertices of the obtuse angles. The plane of this 
section will then cut the rhomboid so as to form a parallelogram 
ABA'B\ in which the sides AB^ A'B', are the small diagonals Fig. i% 
of the opposite rhombuses, and AB, A'B, the edges which con- 
nect them in the rhomboid. The line AA', drawn through the 
two solid obtuse angles A, A', is called the axis of the crystal ; it 
is equally inclined to all the faces, and forms with them an angle 
A'AB of 450 23' 25'', the angle RAA' being 63° 44' 45". To 
this we are to refer all the phenomena of extraordinary refrac- 
tion, if we would obtain for them symmetrical and simple laws. 
Now this line exists only in crystals of Iceland spar, whose 
form presents outwardly the relations of symmetry which be- 
long to the primitive particle. It is likewise necessary to con- 
ceive its existence in each small element of all these crystals, 
whatever be the exterior configuration which art or nature has 
given to the sensible mass resulting from their aggregation, and 
it forms there the same angle among its faces. If, in one of 
these small elementary rhomboids, we imagine a plane normal 
to one of the faces and dividing its obtuse angle into two 
equal parts, this plane will be parallel to all the similar 
planes which can be drawn through each of the other ele- 
CJpi. 13 
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inenls of the whole mass, whatever be the figure which termi- 
nates it ; aRcl this is the direction thus considered m the elements 
themselves, which constitutes the principal section of the crystal^ 
and which has the property Already given to this term. In 
general, a crystal of a sensible size, is nothing more than tho 
union of an infinite number of small crystals, all of the same 
form, and arranged in a similar manner, so that their homolcv 
gous faces are all directed the same way. A mass thus ag- 
gregated, must therefore exhibit properties identically the same 
in all the minutest parts which can be subjected to experiment. 
And reciprocally, this absolute identity of properties is the spe- 
cific mark which essentially distinguishes and characterizes the 
crystalline state. 

95. This being well understood, let us take any rhomboid 
whatever of Iceland spar, and examine first how double refrao* 
tion takes place in the plane of the principal section* All the 
general phenomena are represented in figure 78, where 5/ re- 
presents the incident ray, 10 the extraordinary ray, and A7 
the direction of the normal at the point of incidence. When the 
incidence is-perpendk:ular, the ordinary ray is confounded with 
the prolongation of the normal, and traverses the crystal without 
deviation ; but the extraordinary ray is broken at the point of 
incidence, and is turned more or less at E towards the small 
solid angle B\ This effect is general for all incidences, as re- 
presented in the figure, and it always determines the situation of 
the extraordinary ray with respect to the other. 

The conclusion at which we have arrived, is, that there exists 
in the crystal a particular force, which takes from the ordinary 
ray a portion of iis particles, and repels them towards B\ But 
what is this force? We shall soon see that it seems to proceed 
from the axis of the crystal ; that is, if through each point of 
incidence we draw a line lA'^ parallel to this axis, and repre- 
senting, consequently, its position in the first strata where the 
ray is divided, all the phenomena take place as if there proceed- 
ed from this line a repulsive force, which acted only on a certain 
number of luminous particles, and tended to turn them from its 
direction. This force always urges the rays towards B\ be- 
cause the refraction which the crystal causes them to undergo 
always brings them on this side of the axis, whatever be the 
side of the normal towards which they are directed in their 
incidence. 
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96, Let us pursue this idea, which is not opposed to the few 
oliservations we have made ; and to verify it by direct proof, let 
us cut the crystal by two planes perpendicular to its axis, in ^^s» '^9. 
such a manner as to form thereby two new faces abc, dV c\ 
parallel to each other. Now if we direct a ray 5/, perpendicu- 
larly to these faces, it will enter the strata parallel to the axis 
of the crystal. Accordingly, if we suppose the repulsive force 
to proceed from this axis, it will be nothing, and the extraordi- 
nary ray, incapable of diverging from the axis, will coincide with 
the ordinary ray. This is what actually takes place; for we 
observe, in this case, only a single image situated in the prolon- 
gation of the normal to the two faces of incidence and emergence. 
We find also, by experiment, that the image remains single 
•when the second face is inclined to the axis, the first remaining 
always perpendicular to this axis. and to the incident ray. This 
would take place, for example, if we should take away only the 
first solid angle A of the primitive rhomboid. An incident ray 
iS/, which entered the anterior surface a 6 c, under a perpendicu- 
lar incidence, would continue its course parallel to the axis as 
above ; and, on emerging through the second face it would be 
refracted in the air in a single direction VR\ depending on the 
law of ordinary refraction ; that is, on the constant ratio of the 
sines. Hence we conclude, reciprocally, that an incident ray 
RV\^ which passes with the same angle of incidence from the 
air into the prism, would be refracted [larallel to the axis, in 
a single ray, and would emerge at /, in the same manner. 
This also is confirmed by experiment. If we cut a prism in this 
manner, and place the eye opposite to the face perpendicular to 
the axis, in such a manner as to receive only the rays which 
come in this direction, all the images of external objects are sin- 
gle ; they only experience on their borders that diffusion which 
has been adverted to, and which belongs to the general phenom- 
ena of the decomposition of light by prisms. But if the repul- 
sive force which produces the extraordinary refraction, really 
proceeds from the axis, as these phenomena indicate, it can be- 
come nothing only when the refracted ray is parallel to it. The 
cutting which we have just determined, must, therefore, be the 
only one by which a prism, formed of a crystal having only one 
axis, can give single images. This too is confirmed by experi- 
ment; and we may make use of the property in question to 
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ascertain the position of the axis in any small portion of such 
a crystal. 

97. Let us resume the plate cut with parallel faces pe^ 
pendlcular to the axis. We have seen that a ray coming from 
without is not divided when it enters with a perpendicular 
incidence ; but with oblique incidences it must be divided, sioce 
it forms in this case, a certain angle with the axis from which 
the repulsive force proceeds. Moreover, in Iceland spar, the 
extraordinary ray must be carried farther from the axis than 
the ordinary ray. This is what actually takes place; and, 
besides, with an equal incidence the extraordinary refraction is 
the same all round the axis ; which shows that the repulsive 
force acts equally at equal distances on all sides of the axis. 

98. In every crystal with one axis, there exists one direction 
only which presents such phenomena ; that is, the rays which 
traverse the crystal in this direction are not divided, even when 
they emerge from a prismatic face. Moreover, when the re- 
fracted rays deviate from this direction, they depart from each 
other as if they were separated by a force proceeding from the 
axis. But the action of this force is not always repulsive. I 
have found that there are crystals in which the extraordinary 
ray is attracted towards the axis, instead of being repelled. 
This requires that we should divide crystals of one axis into two 
classes, one of diruble refraction attractive^ the other of double 
refraction repulsive* These denominations are merely enuncia- 
tions of the facts observed. 

99. If in a crystal of one or the other of these classes, we cut 
in any direction whatever^ a plate with parallel faces, we shall 
find that this plate has also a section in which the two re- 
fractions do not deviate from the plane of incidence ; and con- 
formably to what we have observed in Iceland spar, this section 
is always that which is made through the axis of the crystal per- 
pendicularly to the two faces of the plate. In generalizing this 
idea, we designate by the phrase principle section of any face^ in 
crystals of one axis, the plane which is drawn through the axis 
of the crystal perpendicularly to this face. 

In all these crystals the connexion of the phenomena with a 
resultant force, either attractive or repulsive, is manifest. The 
influence of this force is sensible in all directions, in which we 
would observe the relative course of the two refracted rays. To 
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give a simple example, and at the same time one which affords 
many useful applications, let figure 80 represent a plate cut in 
the form of a rectangular parallelopiped, one of whose edges, 
AA'^ is directed according to the axis of the crystal ; and let 
us measure the two refractions in the two rectangular directions 
jIB^ AJV^ by first making the plane of incidence perpendicular 
and then parallel to the axis AA'. This can be done by the 
apparatus already explained, and also by various other analo- 
gous methods which may be easily imagined. Accordingly let us 
see what are the results. 

100. In the first position in which the incidence is in the plane 
AS a &, perpendicular to the axis AA'^ the two refracted rays, 
ordinary and extraordinary, do not deviate from this plane ; and 
both are refracted according to the law of Descartes, in such a 
manner that the sine of refraction and the sine of incidence, 
reckoned from the normal AAT, are to each other in a constant 
ratio. But this ratio is not the same for the two refractions. 
For instance, in Iceland spar and in all other crystals of a 
double repulsive refraction, the ordinary ray, wnth the same inci- 
dence, is nearer the normal than the extraordinary ray. This is 
shown in figure 81, where the refraction in the face ABab^ is 
represented separately. The contrary takes place in crystals 

of a double attractive refraction, where the extraordinary ray is Rg. 88. 
more refracted dnd brought nearer the normal than the other. 

101. The constancy of the ratio of the sines for each kind of 
refraction, when crystals are cut in this way, may be ascertained 
from the divergence £0, which the two refracted portions pre- 
sent, as they emerge from the plate at the second surface. 
But it will be better to establish this law at once by the conse- 
quence which follows immediately from it; and this consequence 
is, that if the extraordinary refraction, when a plate is thus cut, 
is actually subjected to a constant ratio of the sines, we can de- 
termine this constant, as well as that of ordinary refraction, by 
cutting a prism ABDA'B'iy^ whose edges are parallel to the Fig. S3. 
axis, and observing the deviation which it produces in the 

two images of the same external object. Moreover, since the 
direction of the cutting is indifferent for ordinary refraction, it is 
evident that this single prism will serve to ascertain the constants 
for the two refractions. For one as well as the other, the con- 
stancy of the ratios will be demonstrated, if all the incidences 
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give the same value, and if this value is still the same for all the 
prisms which can thus be formed about the axis. This remark- 
able result extends to all crystals of one axis hitherto observed. 
In Iceland spar, for instance, Malus found that the ratio of 
the sine of incidence to the sine of refraction, for ordinary refrac- 
tion, is 1,654295, and for extraordinary, 1,4833015. Hence we 
see that this last refraction produces a less deviation than the 
other, conformably to what has already been stated with regard 
to all crystals of a double refraction repulsive, in the direction 
of the cutting and with the supposed incidence. And this re- 
sult well agrees with the idea of a repulsive force proceeding 
from the axis ; for, in the case observed, the ray refracted ex- 
traordinarily remains perpendicular to the axis, for the wbde 
extent of its passage through the crystal. Thus the repulsive 
force which proceeds from the axis has no tendency to make it 
deviate from the plane of incidence ; it only opposes itself to the 
motion of. the luminous particles, and retards their velocity ac- 
cording as they begin to penetrate the crystal. Its action in thk 
respect, is, therefore, directly opposed to that of the ordinary 
attractive forces which tend to increase the velocity of the pa^ 
tides. Thus the effect which hence results upon these particles, 
must be the same as if the refracting force of the crystal were 
diminished ; that is, the deviation of the ray must be less, as 
observation actually proves it to be. In crystals of a double 
refraction attractive, on the contrary, the attractive force, pro- 
ceeding from the axis, unites with the refracting force of the 
medium to augment the velocity of the luminous particles, and 
the deviation is increased ; so that the extraordinary ray ap- 
proaches t'ae normal more than the other. In rock crystal, for 
instance, the ratio of the sine of incidence to the sine of refrac- 
tion is found lo he 1,547897, for ordinary refraction, and 1,557106 
for extraordinary, in conformity wirh the preceding statement. 
Fig. 80. 102. Let us return now to the rectangular plate, and suppose 
the plane of incidence to be in the face AA' a a' which contains 
the axis. The force proceeding from the axis AA^ is exerted 
still in this plane, and therefore does not tend to make the ex- 
traordinary ray dcviUe from it. Now we can easily ascertain 
whether this ray will diverge more or less from the normal than 
the other ; for if we represent separately the section of the plate 
made by the new plane of incidence, figures 84 and 85, JtA' 
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being the axis, SI the incident raj, and 10 the ordinary ray, it 
is evident that the force proceeding from the axis, will tend to in- 
crease the angle AIO, if the crystal be repulsive, and to diminish 
it if the crystal be attractive; so that the extraordinary ray /£, ^' 
will, in the first case, approach the normal more than the other, ^'^' ^^' 
and in the second, less, which is conformable to observation. 

103. All the other examples which can be imagined offer only 
repeated applications of the same principles. The consideration 
of the attractive or repulsive foi*ce proceeding from the axis, will 
always indicate faithfully the direction of the deviations. But 
passing over these repetitions, we proceed to the more general 
case, where the crystal has two axes separated by a sensible 
angle. Then the rays which follow one or the other of the axes 
will not be divided, through whatever faces they emerge. For 
every other interior direction the rays experience a separation 
which indicates an inequality in their velocities ; and the extent 
as well as the direction of their divergence are exactly the same 
for similar deviations with respect to each of the two axes. 
Hence we conclude that the force which divides them acts 
equally about each of these two lines. 

Here a new circumstance peculiar to crystals of two axes, 
presents itself, which renders the phenomena more complicated, 
and the ascertaining of their general law more difficult. This 
circumstance, discovered by M. Fresnel, consists in the fact, that 
neither of the two refracted rays here conforms lo the simple 
law of refraction established by Descartes, according lo which 
the sine of refraction bears a constant ratio to the sine of inci- 
dence. Whence it follows that neither of them can be consider- 
ed as having in the crystal a constant velocity in whatever direc- 
tion it is transmitted, this constancy being peculiar to the law of 
Descartes. 

The existence of this variation in the two velocities may be 
established, as M. Fresnel has shown, by a very simple and 
purely negative proof. Indeed, if there be exerted in the interior 
of a body, a refraction of a constant velocity, this mode of re- 
fraction will impress upon the incident rays deviations exactly 
equal, at equal incidences, whatever in other respects be the 
direction of the rays and that of the cutting according to 
which they are introduced. Hence, if we cut from the sub- 
stance we would subject to experiment, several small pieces in 
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different directions, and fit them all together in such a manner as 
to form one prism whose faces are perfectly plane, the deviations 
experienced by the luminous rays in traversing this prism, ought 
to be the same in all its parts at an equal incidence ; so that, for 
example, the image of a straight line, parallel to the prism, will 
not be broken, but will still appear a straight line, when viewed 
by refraction. Now if we form such prisms with pieces of the 
same topaz, or any other crystal of two axes, cut in different 
directions, we shall find that this equality of deviation does not 
take place for either of the two refractions, and therefore we must 
conclude that neither is produced by a constant velocity. 

But though this experiment is sufficient to establish the varia- 
bleness of the velocity, it will not furnish its absolute measure 
with sufficient precision, on account of the uncertainties to be 
met with when we attempt to compare together the refractions of 
the images, transmitted by the contiguous parts of the prism; 
uncertainties which arise from the difficulty of rendering the 
surfaces of incidence and emergence perfectly plane, as well as 
from the irregularities which the refracted images present near 
the borders of contiguous pieces, where it is necessary to bring 
them when we would compare them together. It is in vain to 
think of observing the absolute values of the different deviations, 
because the errors we should be liable to commit in estimating 
them, might bear a comparison with the differences of refraction, 
always very small, which wc propose to measure. But there 
exists an element, easy to be observed, which being intimately 
connected with the law of the velocities, may lead indirectly to 
the discovery of this law, since it presents various conditions 
which the law in question must satisfy. This element is the diver- 
gence of the two refracted rays, proceeding from the division of 
the same exterior incident ray, which penetrates the crystal, either 
by natural faces or by artificial ones, the direction of whose 
cutting can be known. Indeed this divergence being always 
very feeble in all substances hitherto observed, and its gradual 
variations being always far from rapid about each direction of 
incidence, it follows that the difference of the two velocities on 
which it depends, must also be very small compared with their 
absolute value ; so that we may consider the divergence of the 
two rays as sensibly proportional to this difference ; and, more- 
over, in the analytical formulas which express it, we may neglect 
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the variations of the two velocities, and employ their absolute 
values as constant, and as they are deduced by the law of Des- 
cartes from any measures of absolute deviation. Since the diver- 
gence of the rays thus affords a very proper means of discov- 
ering the law of the difference of velocities, we must seek some 
method of observing this divergence with the greatest pre- 
cision* 

This is effected even for crystals in which double refraction is 
the most feeble, by means of the following apparatus, with 
which a great number of experiments have been made on all 
kinds of crystals, both of one and two axes. 

It consists principally of two ivory rules AX, AZ, divided into Fig. 171. 
equal parts and disposed at right angles to each other. The 
first AX, is placed on a horizontal table ; then the other AZ, 
becomes vertical. A column HA, whose superior and infe- 
rior bases are parallel and formed of glass plates, moves upon 
the division AX, and may thus be placed at different known dis- 
tances from the division AZ. 

This disposition is sufficient when the two refractions to be 
observed, take place in the prolongation of the plane of incidence, 
as is the case for ordinary refraction. Now this happens in 
all crystals under certain particular cu-cumstances of incidence 
and cutting. As this is the most simple case and will serve to 
make known the method, it will be first explained. 

104.. If the substance we wish to examine has a very power- 
ful refraction, we can, as Malus did, confine ourselves to the 
forming of parallel plates of it, on which the operation may be 
performed as already mentioned. But this case being very 
rare, we in general suppose the crystal to be cut into a prism; 
and also, to render the refraction more sensible, we commonly 
give to this prism a large angle BCD, for instance, a right angle, 
which has the particular advantage of simplifying the calcula- 
tion. But light cannot traverse immediately the two faces of 
such a prism when it is placed in a medium of so small a re- 
fracting power as the air, because the rays entering by the first 
face BC, are reflected inward when they arrive at the second ; 
and, on this account, we fix to this second face CD, a prism or 
parallelopiped of glass CDFG, whose refracting angle D, is 
nearly equal to the angle C of the crystal prism, so that the 
anterior face of the crystal CB, and the posterior face of the 

Opt. 1 4 



I 



106 Dioptrics* 

glass DG shall be nearly parallel. The junction of the two prisms 
is effected by heating them and melting between their sur&ces 
some small grains of very pure mastic in tears, which are press- 
ed out into a very thin transparent lamina* This lamina after 
cooling is sufficient to make the two surfaces adhere strongly and 
to determine the passage of light from one to the other, so that 
vision becomes possible through the double prism. Then we 
place this prism on the superior base of the column Hft, apply* 
ing it by its face £C, to the column, which requires that the iace 
CF of the glass should extend a little beyond BC, or should be in 
its prolongation ; and in order that the crystal may remain fixed 
before the division JiZ^ in the situation judged most convenient 
for the experiment, we first put on the edge of the glass a few 
small drops of inspissated spirits of turpentine, which are sufficient 
to make it adhere. This being done, we place the eye at V, 
behind the posterior fiace of the glass, and look through -the 
double prism at the vertical division AZ. In vulue of the two 
refractions which the crystal causes each ray, emerging from it, 
to undergo, it appears double ; so that, properly speaking, we 
see two scales of division, placed one above the other, in a com- 
mon direction, at least while the lateral deviation is nothing, as 
we now suppose it. But the inequality of the two refractions, 
added to that of the distance, causes the homologous marks of 
of the two refractions to separate unequally from each other* If 
in certain parts the deviation is half an interval between the^narks, 
a little further it is a whole interval ; and at this place the two 
divisions will coincide, the coinciding marks, however, not being 
homologous. Further on, the coincidence ceases, and the marks 
of the two divisions again separate ; but at some distance from this, 
their deviation being increased to an entire interval, the two 
divisions again coincide. If, for example, the division mariced 
451 coincided, in the first case, with the division marked 450, so 
as to give a deviation equal to one of the spaces ; at the second 
coincidence the deviation would be two spaces ; that is, if one 
the divisions was 502, the other would be 500. It would be 
three spaces if the coinciding divisions differed from each other 
by three units, and so on* Mow, to follow out the consequences, 
let us take one of these cases, the second, for example. Since 
the marks 502 and 500 coincide, when seen through the double 
prism I this proves that the ray emanating from the mark 502, 
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and subjected to the system of refraction which produces the 
image e, reaches the eye at F in the same direction with the ray 
emanating from the division 600, and subjected to the system of 
refiraction which produces the image o ; and as the divergence of 
these two rays could not be produced or modified by the glass 
prism, smce the prism exerts upon them one and the same kind 
of refraction, not being crystallized ; it follows that if the two rays 
503 and 500, coincided on arriving at the eye, they coincided also 
while traversing the glass ; and consequently they coincided at 
their emergence from the crystal. It is this condition which fur- 
nishes a very precise method of verifying the law of divergence of 
the two rays in the crystal, depending on the difference of the 
velocities. Indeed, we can determine at once the direction of inci- 
dence of each of these two rays. If we take 07, for instance, 
we know that it comes from the point O, whose position is known 
on the vertical division, and that it comes thence to the point of 
incidence /, whose position is likewise determined on the column 
by its height and distance from the vertical division. We have 
analogous data for the incident ray E i, subjected to another 
system of refraction, whether we consider its point of incidence 
the same as that of 01^ or calculate the small difference between 
these points, having regard to the thickness of the crystal prism, 
as I shall explain hereafter. Now, if we suppose the laws of the 
two refractions o, e, to be known, or only indicated by some 
hypothetical analogy which we propose to verify, we have only 
to follow at once through the crystal, the ray 01 subjected to 
the refraction o, which may be done according to the law which 
we adopt for this refraction, and thus trace it to its emer^nce 
from the surface at P. Then wc consider the ray e which 
enters the crystal by this surface, as derived from the same ex- 
terior ray FP^ ; and tracing this ray through the prism to the 
first surface, by the law of refraction to which we suppose it sub- 
jected, it ought, on emerging from this surface to coincide with 
the incident ray Eu It may be proper to remark that this con. 
dition and the observation itself, are altogether independent of 
the greater or less refracting force of the glass prism. This 
prism serves only to receive the rays refracted in the crystal, 
and to render their emergence possible. 

105. In this example we have supposed the prism to be cut 
in such a manner, that the refraction shall take place in the 



108 Dioptrics* 

plane of incidence as in ordinary refraction* This is the most 
simple case, and is much the most convenient for determining 
the elements of double refraction in each crystal, when the law 
of this refraction is supposed to be known. But to verify the 
law itself or any one of its particular consequences, it may be 
necessary to observe the refraction in planes oblique to the cut- 
ting of the prism. For this purpose we adapt to the vertical 
division, the additional appendage represented in figure 172. 
A^O is a metallic plate divided into millimetres,* and terminated 
at O by a circular plane P'P'^P*"^ divided into half degrees. 
RR is another plate divided also into millimetres and moveable 
about C^ the centre of the circular division. On this plate and 
in the direction of its length, is traced a fixed straight line jftA, 
which passes through the centre C\ When we wish to observe 
the lateral deviations, we apply the branch A'C horizontally to 
•/2Z, the vertical division of the principal apparatus, and fix it 
there by a clasp which shall keep it in a direction perpendicular to 
this division, as represented in figure 172. Then looking obliquely 
at the rule, RR^ through the crystal prism, and with a point of 
incidence which we determine, on this prism, by means of a mark 
or some other small signal, we turn the rule slowly about its cen- 
tre till its axis RR is found to have exactly the direction of double 
refraction, at the place we are considering ; which happens when 
the axis seen through the prism, no longer appears laterally dou- 
ble, its image o, at this pointy falling upon its image c. When we 
have attained this position, wc leave the rule there and note those 
of its divisions whose divergence is such as to coincide with each 
other. Suppose this to take place in the most perfect manner 
possible at E\ 0\ Then the numbers of the marks JE^, O, will 
give their distance from the centre O of the circle ; the circular 
division will measure the inclination of their axis RR to the hori- 
zontal axis OA^ ; and the division traced upon this axis will give 
the distance of the centre C^ from the vertical division AZ. 
Accordingly, the position of the two points E\ (y, will be known 
with respect to the vertical division, and their divergence will be 
known by the coincidence observed upon RR. We shall then 
have all the elements of the double refi*action belonging to the 



A millimetre is 0,03937 of an English inch. 
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position of the prism, and the direction of the rays, which we 
have chosen for the experiment ; and we can compare these 
results with the theory. 

In performing this operation, we must not omit to fix with care 
the position of the point of incidence on the anterior surface of 
the crystal ; for this position is one of the indispensable elements 
of the calculation, since it determines the direction of incidence 
of the plane. We may, as already mentioned, employ a mark 
made upon the prism, or a silk thread extended on its surface, 
or we may paste on it a small strip of paper to limit the rays 
whose simultaneous incidence is observed. Similar means may 
be used to fix the heights of the points of incidence, when we 
observe the coincidences on the vertical division itself without 
lateral deviation ; but in this case the strip of paper which serves 
as a limit, must be directed horizontally. 

We may also observe coincidences on the horizontal division 
AX^ which serves as a base to the column HK In this case, 
the points of incidence on the first surface of the crystal prism 
are limited by the same met^^^. 

106. Finally, it is necessary, as far as possible, to render the 
edges of this prism sharp or thin, that the corrections relating to 
its thickness may be very small or even insensible. Indeed they 
would be altogether nothing, if the observation were made through 
the edge itself, since then the two refracted rays would have only 
an infinitely small space to pass through in the crystal, in order 
to arrive at the second surface, where they unite and emerge 
simultaneously. For the same reason, we must not, in our ex- 
periments, place the column Hh very near the vertical division 
oti which the coincidences are observed, nor must we employ too 
short .columns, when we make observations on the horizontal 
division, because the corrections for thickness, hardly sensible 
at a moderate distance, become more sensible when the distance 
is very small. 

To these precautions must be added that of making the faces 
of the prisms as plane as possible, because this is very favorable 
to clearness of vision. It is also necessary to measure the an- 
gles of the faces by the reflection of light, making use of the 
goniometer of Wollaston, or that of Mains, or some similar instru- 
ment. 

107. There are two principal advantages of the method now 
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described ; in the first place, the precision of the measurement 
extends to the divergence itself of the two rays, and not simply to 
the absolute incidence, in which a small error is seldom of any 
importance ; in the second place, the alternations of coincidence 
and separation of the marks perform, in a manner, the oflSce 
of verniers, by enabling us to fix with extreme accuracy the point 
where each coincidence is most perfect. The precision is ren- 
dered still greater by the facility with which we can move the 
column HhtoB, greater or less distance from the vertical divis- 
ion which enables us to vary the extent of the coincidences, and 
thus to fix the precise distance at which each takes place most 

^ exactly. 

108. According to what has been already observed, the course 
of the ray which experiences one of the two refractions, is the 
element from which we set out in calculating the course of the 
ray which experiences the other refraction. The first determi- 
nation is easy in crystals with one axis, where one of the refrac- 
tions always follows the law of Descartes ; and in this case, we 
set out from the ordinary refractioaf as being most simple. It 15 
then necessary to determine the constant ratio which is its char- 
acteristic. This can be done simply by the above apparatus. 
For this purpose, it is sufiicient to cut in the crystal prism a face 
so little inclined to the others, as to admit of our observing the 

Fig. 173. refraction directly through the angle thus formed. Then we" 
put this angle on the column Hh by one of its faces, and 
place the eye behind the other, at F^ for example, and observe by 
refraction the ordinary image of O, one of the points of division, 
and note at the same time to what point jR the prolongation of 
the emergent ray PF, which comes to the eye, corresponds. 
The positions 0, J?, being thus known, with the height of the 
point of incidence and the refracting angle of the prism, we can 
calculate the ratio of refraction.* It is only necessary to be well 
assured that the refraction which we observe is of the ordinary 
kind. As to this we may satisfy ourselves either by verifying 
the constancy of its ratio under different incidences, and with 
every variety of direction as to the cutting ; or by observing 
the position which the ray thus refracted takes with respect 
to the other, in virtue of the law of extraordinary refraction, 

* For the formulas see Blot's Traiti de PhysiytUf torn, iil^ p. 209- 
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supposed to be known ; or lastly, by means of a modification 
acquired by the luminous rays in the act of double refrac- 
tion, which Malus, to whom we are indebted for the discovery, 
has called the polarisation of light* This modification, being 
different for the two rays, will enable us to distinguish them ; 
and for this purpose it is sufficient, as we shall show hereafter, 
to observe the refracted division through a thin plate of tour- 
maline. The preceding method of observing refraction admits 
of a dispersion; but if the prism be not very open, and if 
we do not place it very far from the division which we ob- 
serve, this will not prevent the refracted marks from being 
still distinguishable with sufficient clearness. Finally, we avoid 
these inconveniences by placing before the eye a coloured glass, 
which allows only one kind of light to pass, as red, for instance. 
It is necessary, however, in this case, to reduce the results by 
calculation to what they would have been if we had observed the 
refraction of the mean rays. 

109. In crystals of two axes, where the two velocities are 
variable, there are also some modes of cutting, in which one of 
the velocities is found to have a constant value for all directions 
comprehended within it ; so that they offer the same facility as 
crystals of one axis, for determining the constants of double re- 
fraction. Suppose, for example, in the plane of the two axes, 
the two straight lines at right angles to each other, of which the 
one is a middle or intermediate line between the axes, the other, 
called the supplementary line, dividing the supplement of their 
mutual inclination into two equal parts. If we form in the crystal 
two plane sections at right angles to each other, of which the 
one is perpendicular to the middle line, and the other to the sup- 
plementary line ; one of the velocities will be constant in the 
first section, and the other in the second ; so that we shall have 
in one or the other of these directions a constant ratio of the 
sines. These remarkable results were first made known by M. 
Fresnel, as the consequences which he had deduced from his 
speculations respecting the nature of light. 

110. But there is another and a direct method by which we 
can verify this constancy of the velocities in certain sections of a 
crystal or other substance. We cut an artificial face perpen- 
dicular to each of these sections ; we then cause a ray to be 
reflected inward with different incidences, and see if the angle 
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of reflection is found to be equal to the angle of incidence, under 
all inclinations ; for this equality is a consequence of the con- 
stancy of the velocity and is a characteristic by which it is 
known. To determine, therefore, whether it takes place, we 
have only to adapt to a parallelopiped of the substance under 
examination, another parallelopiped formed of glass or any other 
substance producing simple refraction which has been wrought 
at the same time with the first, in such a manner as to have 
all its faces common, and compare at one view the directions 
of the images of a small distant object, as the flame of a taper, 
for instance, reflected inward at the second surface of both bodies. 
For if, as we have supposed, the distance of the observed object 
be very great, compared with the dimensions of the double par- 
allelopiped, the two reflected images must present equal devia- 
tions when the velocity of the reflected ray is constant in each 
of the two substances; and a small difference between these 
velocities, like that which is capable of being produced by sub- 
stances hitherto known, will have absolutely np sensible effect 
ill disturbing this equality, as may be easily ascertained by cal- 
culation. It is sufficient then to observe whether this equality 
exists, and continues through the progressive different inclina- 
tions which may be given to the reflected and incident rays by 
moving the double parallelopiped before the eye. 

111. To avail ourselves of the operations performed by the 
preceding methods, as well as by other similar ones, it is neces-^ 
sary that the position of the axes of the substance on which 
we operate, should be determined with exactness in each of the 
fragments observed. This is easily done when the substance 
has been already examined, and the direction of its axes indi- 
cated with reference to some one of its natural faces ; for then it is 
suilicicnt to separate a fragment at the natural cleavage, which 
will make known cither this face itself, or some other related to 
it according to the laws of crystallization ; so that we shall know 
the position of the axes in the fragment thus obtained, and con- 
sccjucntly in the rest of the mass from which it is taken. When 
the substance which we observe is new, or when the position of 
its axes is not yet known, the fixing of these lines by double re- 
fraction alone, might require many ineffectual trials, especially on 
account of the aberration caused by the lateral deviations ; but 
the polarisation of doubly refracted rays, offers for this purpose. 
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« simple and sure indication by the aid of which the axes may 
be directly discovered with ease and accuracy. We may sup- 
pose, therefore, that their direction has been determined by this 
or some other process, and that it is actually known in the crys- 
tals which We wish to subject to observation. 
. This being done, suppose that by means of the apparatus 
above described, or some other similar viethod, we have deter- 
mined for a certain crystal, the divergence of the rays for dif- 
ferent directions about its axes ; it remains to ascertain the pro- 
gression of these divergencies, and form their general expres- 
sion in relation to the axes of the crystal. Huygens, as before 
stated, has done this for Iceland spar, by means of a remarkable 
law which he connected with the theory of the undulations 
of light ; but this same law has since been deduced by Laplace, 
from the theory of its materiality* 

If we regard light as a material substance emitted from the 
luminous body, the refraction of the rays which traverse trans- 
parent bodies, is produced by the attractive forces, which the 
Qai*ticles of these bodies exert upon the luminous particles, forces 
Pilose effect is sensible only at very small distances, and which 
> i.his respect are precisely similar to those which belong to 
L^eanical affinity. Accordingly, when a ray of light penc- 
il- cs a refracting surface obliquely, the curved portion of the 
which it describes, has only an infinitel}'^ small extent, 

jDpreciable by our senses ; so that the ray appears to be sud- 
ly broken and changed, as to its direction, at the point of 
— idence. Now since the curve which it describes is imper- 
tible, we cannot deduce from its form, the nature of the forces 

ixh act upon the luminous particles at each point, as we dis- 
er the law of universal gravitation, from the form of the 

its described by the planets and comets ; and we are accord- 
Sl y reduced to the alternative of conjecturing the nature of 
^^e forces, from indirect inductions, and then of verifying it 
^ the agreement of • the results with experiment. Newton has 
**^e this for ordinary refraction, or where the velocity is con- 
^*xt, by considering each luminous particle which traverses a 
•^i*acting surface, as acted upon before, during, and after, its pas- 
^S'B, by attractive forces, sensible only at very small distances, 
^^ emanating from all the particles of the refracting medium. 
1^*^18 definition specifies nothing respecting the law according to 

Opt. 15 
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which these forces diminish in the space through which they are 
sensibly variable ; it allows us only to calculate the resultant 
for each distance, and to suppose them constant when the dis- 
tance becomes sensible. Now these data are sufficient to enable 
us to calculate, not the variable velocity of the luminous parti- 
cles in their curvilinear motion, nor the nature of this motioD, 
but only the ratio which exists between the velocities and the 
definite directions which they take, either within or without the 
refracting medium, when the distance of the luminous particles 
from the refracting surface has become so great, that the course 
of the ray is sensibly rectilinear ; and this comprehends all the 
limits of distance within which we are able to observe. 

112. In the case of extraordinary refraction, produced by 
crystallized bodies, we have not even this advantage of being 
able to dcjQne the origin of the molecular or elementary force, 
nor the manner in which it emanates from each individual par- 
tide of the crystal ; for our representation of the phenomena by 
attractive and repulsive forces emanating from the axes, is only 
the indication of a combined result, and not the expression of a 
molecular action. All that we know, therefore, in this case, or 
at least all that we can suppose, when we adopt the hypothesis 
of the materiality of light, is that the forces, whatever they may 
be, which act upon the luminous rays, in this as in every other 
case, emanate from the particles of refracting bodies, and are 
attractive or repulsive ; whether they exert a power of the same 
kind upon all the luminous particles, or whether the nature of 
this power varies according to the peculiar modifications of these 
particles. Now in cases where a material particle is acted upon 
by such forces, its motion is subject to a general mechanical 
condition, called the principle of least action* By employing this 
together with the particular condition, that the forces are sensi- 
ble only at very small distances, Laplace has obtained two 
equations, which determine completely and generally the direc- 
tion of the refracted ray, for each given direction of incidence, 
when we know the law of the definitive velocity of the luminous 
particles, in the interior of the refracting medium, at a sensible 
distance from its surfaces. 

113. In the case of ordinary refraction, the definitive velocit 
is constant ; for the deviation of the ordinary ray is the sam 
in the same body, in whatever direction it be tried, provide 
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the incidence is the same, and the surrounding medium does not 
change. Also when we suppose the interior velocity constant, 
the equations deduced from the principle of least action, show 
that the refraction takes place in the prolongation of the plane 
of incidence itself, and according to the constant ratio of the 
sines, which is in fact the physical law of ordinary refraction in 
all bodies hitherto observed. 

Hence it was natural to suppose that extraordinary refraction 
ivas produced by a velocity varying according to the direction 
of the ray, about the axes of the crystal. Beginning, there- 
fore, with crystals of one axis, we have seen that double 
refraction is exerted symmetrically about the axis ; and that, 
being nothing in the direction of the axis itself, it attains its 
maximam when the rays cut it at right angles. For the crystals 
in question then, we must confine ourselves to the laws of velo- 
city which satisfy these conditions. Laplace has tried the 
following equation, 

v'^ =v^ + fc sin 2 [7, 

ia ^hich v represents the ordinary velocity, i/ the extraordinary, 
U the angle formed with the axis by the extraordinary ray, and 
k a constant coefficient for each crystal. The substitution of 
this law of velocity in the equations derived from the principle 
of least action, gave him at once the law of Huygens. This 
Ijlw was at first completely verified only for Iceland spar; I 
have verified it also for rock crystal and several other sub- 
stances. Generally the coefficient fc, is positive in crystals of 
fcuble refraction attractive, like rock crystal, and negative in the 
others. Its absolute value changes, likewise, with the substance. 
Sometimes, indeed, it has variations for different specimens of 
^e same kind of mineral, which may be owing to slight dif- 
forces of composition or structure ; but amidst these different 
Biodifications, the same law of velocities applies to all crystals 
of one axis, hitherto observed. 

114. Now for crystals of two axes, the extraordinary velocity 
'' must be supposed to depend upon the two angles f/, t/', 
^hich the axes form with the refracted ray. Analogy, there- 
fore, leads us to try whether the square of this velocity may not 
rfso be expressed by a function of the second order, but more 
general, that is, having relation to these two angles. Now, since 
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in every crystal of two axes, the two refractions become equal 
when the refracted ray takes the direction of one or the other of 
the axes, it follows, that in this case, the extraordinary velocity 
becomes equal to the ordinary. This condition liaiits the gener- 
ality of the function of the second order, and reduces it to the 
following form ; 

v*^ = T?2 -|- fe sin 17 sin V ; 

that is, there remains only the product of the two sines.* 

By introducing these formulas into the equations derived froB 
the principle of least action, we determine the course of the rays 
for all cases, and it only remains to see whether this course 
agrees with the results of experiment. In order to make the com* 
parison in a rigorous manner, I have instituted, by the mothod of 
coincidences, and with the aid of the apparatus above described^ 
a great number of experiments u[)on the white topaz of Saxony, 
the yellow topaz of Brazil, the anhydrous sulphate of lime 
and euclase, which arc crystals of two axes, and of a form 
and composition altogether different the one from the other. 
The measures given by experiment are found to agree with the 
formulas most perfectly. I have observed a similar agreemeat 
in several other crystals, by applying the same law to a differ^ 
ent class of phenomena, but yet connected with double refrac- 
tion. I'his accumulation of proof leaves no doubt, that the law, 
indicated also by such strong analogies, is, in fact, the law of 
nature. It may be remarked, that the law under consideration 
comprehends, as a particular case, the law of Huygens, for crys- 
tals of one axis ; since, by considering these crystals as having 
two axes united in one, we have their mutual inclination equal to 
zero. Then the two angles [/, U\ formed with the two axes 
by the refracted ray, become equal; and the increase of the 
square of the velocitj'' contains only the square of the sine. 
In this investigation I have supposed one of the two veloci- 
ties to be always constant in the same crystal, whatever be 
the direction of the transmitted ray. This is indeed the opin- 
ion generally entertained ; and since, by adopting it, and apply- 



* I presented this law to the Institute with the observation by 
which it is proved, the 29th of March, 1819. 
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ing to it the principle of least action, all the phenomena of diver' 
gence which I have observed, were fouAd to be represented with 
an exactness which loft no room for sensible error, even in crys- 
tals whose double refraction is the most energetic, I confined my- 
self to some direct attempts to verify this constancy ; and finding 
that they appeared to confirm it, I dismissed all doubt upon the 
subject. Meantime the experiments of M. Fresnel, which I have 
myself veri^ed both by his method and by that of interior re- 
flections, already explained, show that the supposition of a con- 
stant velocity is not exact. But by two singular circumstances 
it appears why, by adopting it, the observations are capable of 
being so faithfully represented. On the one hand, the variable- 
ness of the velocities, which increases with the angle formed by 
the axes, is found to be exceedingly feeble and almost insensible, 
in the most energetic crystals which have been made use of ; and 
on the other, this variableness is such, that the difference of. .the 
square of the velocities preserves the form which I have assigned 
it ; that is, for each couple of rays which have the same direction 
of interior transmission, it is, according to M. Fresnel, really pro- 
portional to the product of the sines of the angles comprehended 
between this direction and the two axes of the crystal ; whence 
we see that, by reason of the feebleness of double refiraction in 
all known substances, the divergence of the rays, which is sensi- 
bly proportional to the difference of the velocities, is found to be 
expressed as exactly by the false supposition of a constant velo- 
city, as by the true supposition of its variableness. 

115. The ideas of M. Fresnel concerning the nature of light, 
suggested to him a geometrical construction, by which he repre- 
sented generally the velocities of rays refracted by any crystal 
whatever. This construction, represented algebraically, gives 
the following expression for the velocities of two rays which 
accompany each other in their passage through the crystal, that 
is, which traverse the crystal in the same direction. Let v, t/, 
be the velocities of these two rays, and [7, U% the angles which 
they make with the two axes of the crystal ; and let n and k be 
two constants, belonging to the two substances. We shall have. 

v^ = n^ + fc sin ^ ^ {V — U), 

v'l = n^ +&sin3 \ {V + V). 
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Whence we obtain generally, 

i/« — ©« = fc [(sin « i(U'+ t/) — sin» l(t7'~ I/)], 

or by developing the multiple smes of the second member, 
shall have 

iff 2 — t;» = fc sin 17 sin U' ; 

that is, the difference of the squares of the velocities is prof 
tional to the product of the sines of the angles formed by 
rays with the two axes, agreeably to what we had before ( 
covered by experiment. When the crystal has only one a: 
the two angles t7, U\ become equal, and then U^ — t7 is c 
stantly nothing. Hence it follows that the velocity v redu 
itself to 71, and is then constant in all directions. This veloc 
which depends generally on the difference of the two angles 
V\ answers then to what we call ordinary ; and the other 
depending on their sum, is that which we call txtraordmc 
To abridge the enunciations, we shall hereafter adopt this m< 
of expression. 

Although the velocity t> is, generally speaking, variable 
crystals of two axes, yet it becomes constant in these same ci 
tals, when the refracted ray is comprehended in a plane situa 
intermediate between the axes and perpendicular to the s 
plementary line ; and this is what the formula represents ; 
then V = U\ and the expression for v is reduced to the c 
stant n. On the other hand, if we draw a plane through 
supplementary line perpendicular to the mean line, all the r 
comprehended in this section will form with the two axes, 
gles C7, IJ\ supplementary to each other, and consequently tl 
sum will be always constant and equal to 1 80^. Thus in i 
section, the sine of the angle ^{JJ' -\- U) will have a const 
value equal to unity ; whence we see that the velocity t/ ^ 
then become constant, and will have its square constantly eq 
to n" -|- k. These are precisely the first results at which 
Fresnel arrived. 

116. If we represent by n' this particular value of the v 
city v'^ k will be expressed by n'^ — n^, and the general 
pressions for the two velocities i?, v\ will be 

v^ =n^ + {n'^ — n2) sin ^ ^ ([// _ [/) . 
t/a z= n« + (n'3 — n«) sin « ^ (f7' -f U), 
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iiich the two constants n, nf^ have now a physical significa- 

e do not undertake to say generally that the law given by 
philosopher, embraces all the phenomena, for we have not 
examined the subject sufficiently to hazard such an assertion ; 
^e are at least convinced that it unites a great number, and 
it sati^ries particularly all those which relate to the diver- 
e of rays simultaneously refracted. Accordingly we shall 
t it in what we have to say hereafter with respect to these 
lomena. 

7. It follows from the foregoing considerations, that in order 
i able to predict the course of luminous rays, and their de- 
>ns for all possible directions, in a crystallized substance 
sssing the property of double refraction, it is sufficient to 
rve these deviations in a single fragment of this substance, 
rections known with respect to the axes ; and after compar- 
ihese deviations with the theoretical formulas, to deduce 
ce the values of the two constants n and n^, of which one 
esents the ordinary velocity, and the other the extraordinary, 
3 the angles 17, U\ are both right angles ; that is, when the 

traverse the crystal perpendicularly to the plane which con- 

the two axes. 

ere, as in simple refraction, the velocities v, i/, are not rigor* 
f the same for the different simple rays which compose 
e light. The images also, given by the two velocities, are 
irally coloured and dispersed as well as the ordinary images, 
gh not in the same manner. We shall examine the laws of 
phenomenon in detail, when we come to speak of the decom* 
ion of light and the analysis of colours. 
18. We shall also defer giving a particular description of a 
Birkable fact discovered by Mr J. F. W. Herschel, son of 
celebrated astronomer; namely, that in the same crystal, 
axes of double refraction relative to the different simple rays 
rften separated from each other, forming for each species of 
I, couples unequally inclined, though always comprehended 
he same plane and symmetrically disposed about the same 
ight line which bisects the angles of all the couples. This 
ersion has been observed hitherto only in crystals of two 
u It hence results that with the same incidence, the an- 

17, U\ formed by the refracted rays with the axes, are 
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different for different species of rays, which circumstance must 
affect the deviations they experience. Hence, ^n order to de- 
fine rigorously all the phenomena, it is xiteessary to men- 
tion the particular species of rays with which they are sup- 
posed to be observed. Hereafter, when we use no limitatioQ 
in this respect, it is to be understood as in the case of ordinary 
refraction, that regard is had to the mean rays of the spectrum, 
that is, to the green or yellow ; or rather that we are speaking 
of a phenomenon in which the effect of dispersion ia insensible 
or inconsiderable. 

119. In general, for the same species of simple rays, the iralues 
of the coeflBcient fe, or n'^ — n^, are different in crystals of dif* 
ferent forms and different natures; whence it follows that double 
refraction exerted by these bodies is of very unequal energies* 
We find also that substances of nearly the same composi* 
tion, act in this respect very differently. Common sulphate of 
lime, for example, has a very weak double refraction ; whereas 
the anhydrous sulphate of lime has a very strong one. It is 
true that the primitive forms of these two substances are very 
different. But the pure carbonate of lime, and the magnesian 
carbonate of lime, both of which have the primitive form of 
rhomboids, and rhomboids whose angles are so nearly equal that 
the difference, though real and measurable, has been doubted, 
have also double refractions sensibly unequal. For the mean 
value of fc, which is 0,543 for the first, according to my experi' 
ments, varies for the second from 0,581 to 0,591 ; and it is pro* 
bablc that this last variation is owing to a small difference of 
comjwsilion. Some beryls which do not differ externally, ex- 
cept in colour, give also values for k very sensibly unequal ; and 
several specimens have even exhibited phenomena which seemed 
to indicate the existence of two axes. Hence we may conclude 
generally that when two crystallized substances differ in their 
composition or in their primitive form, they differ also in their 
property of double refraction ; and reciprocally, that a differ- 
ence as to double refraction supposes always a difference in com- 
position or structure, which renders this kind of phenomena 
very useful in characterizing minerals. 

120. The coefficient /c,. not only experiences variations in its 
value, in passing from one substance to another, but also in its 
sign. It is positive for some substances and negative for others. 
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This circumstance leads us lo apply lo crystals of two axes the 
distinction already made of two sorts of double refraction, one 
attractive, and the other repulsive. 

Dr Brewster having succeeded in distinguishing crystals of 
one axis from those of two, by means of certain phenomena of 
colour which they present and which will be hereafter explain- 
ed, has subjected to this test a great number of crystallized sub- 
stances ; and he has found, in general, that all those which have 
only one axis, have such primitive forms, that the faces which 
surround the axis, are disposed about it in a similar man- 
ner. These forms arc the rhomboid, the regular hexaedral 
prism, the isoceles octaedral prism with a square base, and the 
right prism with a square base. All the other forms have two 
axes, or do not exert a double refraction. M. Sorret, a skilful 
mineralogist of Geneva, who has made very extensive researches 
into the subject of the position of the axes, in double refraction, 
with respect to the faces of the primitive forms, has found that 
the plane which contains the axes, is always situated in a sym- 
metrical manner in the solid adopted as the primitive form, or in 
one of its crystallographical derivatives ; and the axes are so 
situated in this plane, as to make equal angles with the faces of 
the solid. These characteristics of symmetry leave ordinarily 
very little that is indeterminate as to the possible position of the 
axes in each form ; and they are thus useful in limiting and 
directing the attempts that may be made to discover them. 

121. In attending to the phenomena presented by crystals of 
one axis, we have remarked that they take place with perfect 
symmetry on the two sides of the plane which we have called 
the principal section, and which is drawn through the axis of the 
crystal and through the normal to the face of incidence, by 
which the rays enter. In crystals of two axes this symmetry 
does not generally take place ; but we find it when the directions 
of the two axes are equally inclined to the face of incidence. 
Conceive then a plane drawn through each of the axes of the 
crystal, and through the normal to this face ; conceive also a 
third plane, drawn through the same normal, bisecting the 
angle formed by the two former planes. All the effects of the 
crystal are symmetrical on the two sides of this intermediate 
plane ; and the two refractions take place without lateral devia- 
tion, as in the principal section of crystals of one axis. More- 

OpU JG 
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over, the preceding definition embraces the construction which 
we have assigned to this section. For, if we suppose the two 
axes to approach each other until they form one line, these three 
planes will become one, which will be drawn through the single 
axis and through the normal to the face we are considering, 
which is precisely the construction of the principal section for 
crystals of one axis, according to the definition we have given. 



Reflection at the second Surface of Crystals* 

1 22. The theory we have been explaining, is not confined to 
rays refracted extraordinarily by crystals. It applies also to 
those which are reflected inward at their second surface. But 
before entering into a detail of the consequences thus indicated, 
it is necessary to establish by experiment the principal charac- 
teristics of this kind of phenomena. 

When a ray of light falls upon the first surface of a crystal, 
coming through a vacuum or any medium not crystallized, it is 
partially reflected in a single beam, in such a manner that the an- 
gle of reflection, reckoned from the normal, is equal to the angle 
of incidence. The attractive or repulsive force which emanates 
from the axes of the crystal, appears to have no influence on 
this phenomenon ; for we may turn the crystal upon its plane in 
all possible directions without altering the intensity or the direc- 
tion of the reflected ray. But it is not so Avith respect to the 
interior reflection which takes place at the second surface of the 
crystal. Each ray reflected at this surface, is generally divid- 
ed into two portions which return into the crystal, the one ex- 
periencing the ordinary refraction, the other, the extraordinary, 
these terms being used in the sense already explained. 

123. In order to comprehend the cause of this division, it must 
be understood that rays, refracted either ordinarily or extraor- 
dinarily, when they have penetrated into the interior of the crys- 
tal to a sensible depth, acquire such a mode of arrangement of 
their particles, that they can no longer be divided during their 
course through this crystal ; and experiment proves that they 
would no longer be divided if they should traverse a second 
crystal contiguous to the first, and having its principal section 
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directed in the prolongation of the first. This particular mode 
of arrangement constitutes what Malus has termed the polarisa- 
tion of light. Now when the particles which compose the same 
ray, refracted ordinarily or extraordinarily, approach the second 
surface of a crystal, at a distance sufficiently small to experience 
the bfluence of the reflecting forces proceeding from it, it hap- 
pens, in general, that a certain number of particles are turned 
by these forces into directions different from those derived from 
refraction ; so that in returning into the crystal by the effect of a 
total or partial reflection, they become anew susceptible of being 
divided into two refracted portions, ordinary and extraordinary. 
I say, in general, for there are certain particular positions, in 
which the reflecting forces do not alter the arrangement originally 
given by refraction to the luminous particles ; and then the ray 
is reflected without being divided, or even escapes reflection en- 
tirely. It is sufficient for the present, to observe that the forces 
in question only influence the intensity of the reflected portion, 
and not the direction derived from reflection. A ray which is 
reflected single, or which emerges from the crystal without being 
reflected, would suffer double reflection, if the particles which 
compose it were otherwise disposed ; as may be verified by ex- 
periment. Accordingly the direction of the reflection is the first 
thing to be determined. 

1 24. This determination is easily made with respect to crystals 
of one axis, in which one of the velocities is constant. It is suffi- 
cient to rely on this fact, that the reflected ray must be affected on 
re-entering the crystal, as a ray would be, which came from with- 
out, and whose particles had not originally received any particu- 
lar disposition. Now in case the crystal has only one axis, the di- 
rection of the return is determined by the known reflection of the 
ordinary ray having a constant velocity. Let /' be the point of Fig.sfl 
interior incidence, and (yp the incident ray. If it has suffered 
ordinary refraction, construct the ordinary reflected ray P(y\ 
which makes the angle of reflection equal to the angle of inci- 
dence, on the other side of the normal /'.AT' ; then calculate by 
the theoretical formulas, the direction of the extraordinary ray 
rE'\ which corresponds to it at its departure from the point of 
reflection /', that is, which has proceeded from the same exterior 
incident ray ; we shall thus have the two reflected rays which 
result from the division of the incident ray W, after reflection. 
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If, on the contrary, this ray is extraordinary, draw it to the point 
of incidence I' ; then calculate by tbe theoretical formulas the 
ordinary ray PCy^ which corresponds to it on the same side of 
the normal ; and having obtained this, proceed in the calculation 
as before ; thus we shall have the two reflected rays I'(y\ l'E\ 
into which the given ray is divided. In general, this is the rule ; 
an ordinary and an extraordinary ray which accompany each 
other in their interior incidence, accompany each other also after 
reflection. 

In the case where a crystal has two axes, the direction of the 
interior reflection can no longer be assigned, on the ground of 
symmetry alone, for either of the two rays ; since, their velocities 
being variable, neither of them makes, in general, the angle of 
reflection equal to the angle of incidence. But in this case, the 
interior incident ray being given, whether ordinary or extraordi- 
nary, we calculate the emergent ray derived from it, then trans- 
fer this emergent ray to the other side of the normal, giving 
it an equal incidence, and calculate the refracted rays which it 
would produce on re-entering the crystal in this direction. These 
ought to be the same with the interior reflected rays, for it is 
every way manifest that the interior reflection takes place at a 
distance from the surface much smaller than that, to which the 
forces, dividing the ray, extend ; so that the ray when reflected, 
ought, in its commencement, to be directed as it would be if the 
medium were not crystallized. It is only when it penetrates 
further into the crystal, that it is divided anew as if it came from 
without. Thus it appears that its primitive direction, after re- 
flection, is to be deduced from the inversion of its emergence, as 
in the case of substances not crystallized. We sec that this 
method comprehends, as a particular case, that just pointed out 
for crystals of one axis. But notwithstanding this analogy, I do 
not propose it without diffidence, and it is with the hope that ex- 
periments may be made to prove or disprove its correctness. 

125. These are the general laws of reflection in the interior of 
rpystals, both when a portion only of the luminous particles suf- 
fers interior reflection, and the rest exterior refraction ; and when, 
the interior attraction being more powerful, all the incident par- 
ticles are drawn inward by the forces which produce the refrac- 
tion. 

Here, as in ordinary refraction, the incidence at which this 
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total reflection begins in each crystal, depends upon its greater 
or less refracting power, and that of the exterior medium ; but 
we cannot in the same way calculate its limits theoretically, be- 
cause we are ignorant how the attractive or repulsive force, 
which proceeds from the axes of the crystal, varies near its sur« 
face. It is,, therefore, necessary to recur to experiment, and to 
determine the commencement of total reflection by the impossi- 
bility of obtaining an emergent ray. I have given a detailed 
account of this calculation* for crystals of one axis, and have 
developed the remarkable consequences which result from it, in 
relation to the variations which the forces, proceeding from the 
axes, undergo near the exterior surface of crystals. Crystals 
of two axes offer similar considerations. One of the best means 
of ascertaining the nature of these forces, is to place the surfaces 
of the crystal in contact with transparent media of a greater re- 
fracting power than themselves, for instance, with phosphorus 
in a state of fusion, and to note the limits, as well as all the 
other particulars of interior reflection in media thus terminated. 
Perhaps we may be able to measure by this process, the double 
reflection of opaque bodies, as Dr WoUaston has determined 
their simple refraction. This investigation requires some theo- 
rctical principles which Avill be detailed in the following section^ 



Passage of Light through several Contiguous Bodies possessing the 

Power of Double Refraction* 

126. We have supposed the preceding experiments to be 
made in a vacuum, or in the air, whose proper action upon light 
is so feeble as to have no sensible effect. We are now to inquire 
what takes place when the rays which penetrate a doubly re- 
fracting crystal, instead of entering from the air, pass out of a 
medium possessing the power of double or simple refraction. 

Let us begin with this latter case, which is less complicated^ 
and for still greater simplicity, let us suppose also that the crys- 
tal, into which the ray is to pass, has only one axis, in which 

* Traiti cfe Physique. 
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case the ordinary velocity will be constant. Let AB represent 
the common surface of the medium and the crystal, and 81 the 
incident ray. We calculate, or construct by the theoretical for- 
mulas, the ordinary refracted ray /O, according to the common 
ratios of refraction of the two substances, and precisely as if the 
second medium were not crystallized. Then, knowing /O, we 
deduce from the formulas the extraordinary ray, IE, which ac^ 
companies it, and which depends solely upon the position of 
70, with respect to the axes of the crystal ; the two rays, 70, 
7£, will be those into which the incident ray 57, will be resolved. 

127. We pass now to the case in which the first medium is 
itself crystallized, still supposing it to have but one axis. The 
given incident ray 57, may be subjected, in this medium, either 
to ordinary or extraordinary refraction. If the first take place, 
we may proceed as above, employing the ratio of ordinary re- 
fraction of the first medium, and performing the calculation, as 
if were not crystallized. But if the given ray 57, is itself sub- 
jected to extraordinary refraction, we begin by calculating in the 
first medium, by the formulas, the direction of the ordinary ray 
S'7, which accompanies it. When this ray is known, we make 
use of it, as above, to calculate the two rays 70, 7£, which are 
derived from it in the second crystal. These will be the direc- 
tions sought. 

It will be seen from this analysis, that, except the case of a 
too great attractive force in the first medium, these constructions 
give always, in the second medium, two rays, the one ordinary, 
the other extraordinary ; whereas experiment seems to contra- 
dict the constancy of this result, at least when the first medium 
is crystallized, and endued with the power of double refraction; 
for then the subdivision of the rays which come from it, as well 
as the kind of refraction, ordinary or extraordinary, which they 
undergo in the second crystal, depends upon the position of this 
crystal with respect to the first. In order to fix these ratios 
with the more clearness, let us confine ourselves to crystals of 
one axis. In this case, if the principal sections of the two crys- 
tals arc parallel, each ray from the first crystal, whether ordi- 
nary or extraordinary, remains single in passing into the second, 
and undergoes there, the same kind of refraction as it did in the 
first. If the principal sections, instead of being parallel are at 
right angles to each other, each ray coming from the first crys— 
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tal, still remains single ; but it changes its refraction, from ordi- 
nary in the first, to extraordinary in the second, and inu versa. 
Between these two limits of position, each ray, whether ordinary 
or extraordinary, coming from the first crystal, is divided into 
two when it enters the second, and these portions obey the laws 
indicated by the preceding constructions. But the intensity of 
each portion depends still upon the angle made by the two prin- 
cipal sections, increasing or diminishing with this angle, accord- 
ing as the motion of the principal sections causes the portion to 
diverge from or approach to the limit where it ought to disap- 
pear. Hence we must conclude, that the formation or non-for- 
mation of two portions in the second crystal, depends upon the 
physical modifications which the particles may have acquired in 
the first crystal, modifications which render them better fitted to 
undergo the one or the other refraction in the second, according 
to the directions of their faces, with respect to its axes ; which 
does not prevent the theory from indicating with exactness, the 
directions of translation, which these particles would take, if 
their physical state permitted them to be shared between the 
two refractions. Similar cases have already been presented by 
refraction at the second surface of crystak ; for, in fact, a ray 
reflected inward at the second surface of a crystal, experiences 
the same influence, as if it emerged entirely from the crystal 
to enter another or return into the same. 

138. Hitherto we have supposed that the contiguous media 
trere composed of crystals of only one axis. This supposition, 
by rendering one of the velocities constant, allowed us to calcu- 
late its propagation by Descartes' law of the sines being extend- 
ed to contiguous media of dificrcnt refracting powers. This 
expedient cannot be employed when one of the contiguous media 
ia a crystal of two axes ; since then its two velocities are gener- 
dly variable ; but we can supply the defect by considering that 
the rays, at the moment when they traverse the surface of con- 
^t, are without the sphere of action of the forces by which the 
ckmble refraction is produced ; so that they are really in the 
tame condition they would be subjected to, if they had passed 
with their preceding velocity, acquired from an uncrystallized 
hody, into another likewise uncrystallized, but of a different 
refraction. In this case, their definitive course would be still the 
same, if, ixustead of introducing them thus directly into the second 
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medium, we were to separate this from the first by a small void 
space parallel to their common surface. Consequently this same 
supposition applied to the crystals in contact, would give the de- 
finitive direction of the rays which would be transmitted from 
one to the other, in the case where they were contiguous. Thus, 
when a ray subjected to any law of velocity whatever, is given 
in the first medium, we can calculate the emergent ray which 
would result from it, if it were to emerge into a vacuum ; which 
would be dona by means of the principle of least action applied 
to the general expressions of the velocities. Then, by the aid 
of the same principle, we calculate the direction which this 
emergent ray would follow, if it penetrated, with the same con- 
tinued incidence, into the second medium ; and this will be the 
direction which it will actually take when it passes directly from 
the first medium without any intervening space. Yet, notwith- 
standing the clearness of the analogies on which the rule is 
founded, it would be well to institute experiments for the purpose 
of verifying it. 
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129. RociiON employed the double refraction ol" crystals for 
measuring small angles, in a manner too useful in astronomy 
and the physical sciences, not to find a place here. Besides, 
(he same apparatus affords a most simple means of ascertaining^ 
whether the double refraction exerted by a crystal, is attractive 
or repulsive. 

Suppose two prisms A^ JB, formed of the same crystal, of on& 
axis, and cut in such a manner, that, in the first A^ the exterior* 
face ^B is perpendicular to the axis JA', of the crystal ; while^ 
in the second JB, this axis is the common intersection of the two 
faces A^B^ A'B'. Suppose further, that the two prisms are equal 
to each other as to the dimensions of their parts and the size ofT 
their angles. Let them be brought into perfect contact with, 
each other, their refracting angles being disposed in such a man* 
ner, that their union may form a plate whose exterior faces shall 
be parallel, as represented in the figures. Then suppose an inci- 
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dent raj L/, directed perpendicularly to the surface of the first 
prism, and let us see what will take place. 

Throughout the interior of the first prism, the ray will move 
in a straight line without being divided. Its course will not be 
broken at the first surface, because it is perpendicular to it; 
and it will not be divided in the first prism, because it is parallel 
to the axis of the crystal, and the force, whether attractive or 
repulsive, which emanates from this axis, can have no efi*ect 
upon it. 

When the luminous ray has arrived at I\ the common sur- 
face of the two contiguous prisms, it will be divided into two 
rays, on its entrance into the second prism. The ordinary ray 
will not deviate, because it passes from one medium into another 
of the same refracting power ; but will continue its course in a 
straight line, and emerge perpendicularly from the second face 
iS'B'm It will be seen, therefore, in the prolongation of its primi- 
tive direction. But this will not be the case with respect to the 
extraordinary ray ; for this, on entering the second prism, will 
experience, together with the ordinary refracting action, that of 
the attractive or repulsive force which emanates from the axis, 
and will undergo a new refraction resulting from it ; this will take 
place, like the other, according to the simple law of Descartes, 
from the manner in which the prisms are cut. If the crystal is 
repulsive, as in figure 90, this second refraction will be less than 
^he. first, and the extraordinary ray PF'^ in traversing the sec- 
ond prism, will diverge from J{'J^'% the normal to the common 
surface, more than the ordinary ray FO ; and it will consequently, 
*fter its emergence into the air, be carried more towards the ver- 
^oat of this prism. The reverse will take place when the crys- 
^•^l.is attractive, as in figure 91 ; the extraordinary refraction in 
til© second prism being stronger than the ordinary refraction in 
^«e first, the extraordinary ray PF' will diverge from the nor- 
*^al less than the ordinary ray, and will consequently, after its 
^tticrgence into the air, be carried more towards the base of this 
Ptism. 
• 130. We have supposed the two prisms immediately contigu- 
^^8 ; but as this perfect contact can never be realized in prac- 
^Ce, we cement the two surfaces together, by means of a stratum 
^f inspissated oil of turpentine, or mastic in tears, substance^ 
^hich are transparent, and whose refracting power is nearly 
Opt. . 17 
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equal to that of crown glass. As we make this stratum very thin 
by pressing the two prisms together as closely as possible, we 
may suppose its two surfaces parallel. Then the ordinary ray IP, 
in traversing it, experiences exactly equal and opposite refrac« 
lions, at its entrance and emergence ; so that it takes its primitive 
direction when it enters the second prism ; consequently the ex- 
traordinary ray, derived from it, takes also in this prism, the 
same direction as if it had entered it immediately. The inter- 
vening stratum has properly no other effect than to determine, 
by its attractive force, the emergence of the rays from the first 
prism, and their entrance into the second, under incidences with 
.'which these phenomena would be impossible, if it were necessary 
that the ray, in order to pass from one prism to the other, should 
first emerge into the air. 

Since the ordinary ray, after its emergence from the second 
prism, preserves its primitive direction, while the other div^ges 
91* from it, it is evident that an eye placed at O, in the proloogatifm 
of the first of these rays, cannot receive the second at the same 
time ; but if through the point O, we draw a line O i'', parallel 
to the extraordinary emergent ray EF\ and if we produce this 
line through the two prisms, according to the laws of extraordi- 
nary refraction, which will give an emergent ray perpendicular 
to the surface of the first prism, it is evident that this line will 
represent the direction of an incident ray, parallel to the first 
which we have considered, and such that the extraordinary ray 
resulting from it, will pass through the point 0, where the eye 
of the observer is situated ; while the ordinary ray which ac«« 
companies it will not come to ; if then the object L is sufiB- 
ciently distant to send thus two incident parallel rays, or only 
sensibly parallel, the observer at 0, will see two images, the one 
ordinary, the other extraordinary, but proceeding from different 
Fig. 90. incident beams. If the prisms are formed of a repulsive crystal, 
the extraordinary image will be less refracted by the second 
prism, than the other, and will consequently appear further re- 
Fig. 91. moved towards its base BB^ ; if, on the contrary, the crystal is 
attractive, the extraordinary imnge will be more refracted than 
the ordinary, and will appear further removed from the base BB\ 
Thus, when we have put together, in the manner above described, 
two similar ju'iams, made of any crystal whatever of one axis, we 
shall know by this indication whether the crystal is attractive or 
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repulsive. Other more simple, but less direct means of attain- 
ing the same end will be described hereafter. 

131. But how are we to distinguish between the two images, 
which is osdinary and which extraordinary ? The phenomenon 
of polarisation would furnish us with a very simple method ; but 
if we would make use only of the characteristics of double re- 
fraction, we have merely to apply the first surface AB^ to a verti- 
cal glass plate, as that of a common window, for instance, and 
look round for some object terminated by a rectilinear edge, so 
situated that the rays which emanate from it, shall come perpen* 
dicularly to the glass. The edge of a roof parallel to the win- 
dow where we operate, and situated at nearly the same height, 
would sufficiently satisfy this condition. Then, looking at this 
through the double prism, we shall see it double ; but if the two 
prisms have equal angles, as all our reasoning supposes, one 
of the two images will always be situated exactly in the prolon-^ 
gation of the direct image, seen through the glass simply. This, 
then, will be the ordinary image ; for only the ordinary emer- 
gent rays can be parallel, afler their emergence to the incident 
rays. The other or diverging image will be the extraordinary 
one ; and if we would determine the direction of its deviation, 
we turn the double prism on the glass, until this image also be- 
comes parallel to the direct image, and observe whether it ap- 
pears removed towards the base or the vertex of the second 
prism. In the first case, the crystal is repulsive, in the second, 
attractive. Another property characterizes also the ordinary 
image ; it is that of being perfectly achromatic^ that is, devoid of 
colour. Indeed the niys which form it, experience no more de- 
composition through the double prism, than if they had traversed 
a plate with parallel faces. But it is not so with the extraordi- 
nary rays. These experience a decomposition of the colours, be. 
cause their successive refractions are not compensated the one 
by the other ; and thus the extraordinary image is not achro- 
matic. 

132. In the preceding observations, the angular divergence of 
the two images, is measured by the angle f(y i", under which 
the direction of the extraordinary rays cuts that of the ordinary 
rays after iheir emergence. This angle varies with the nature 
of the crystal of which the prisms are made, and with the angu- 
lar opening ABA\ which we give them. We can easily calculate 
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it when we know this opening and the two ratios of refraction ; 
thus we find that it increases according as the two prisms have 
a greater opening, and the ratios of the two refractions diiSfer 
more from each other. It is on this account, that oi^<an known 
substances, the Iceland spar, with the same opening, gives the 
greatest deviations, being that whose double refraction is the most 
energetic ; and the divergence, obtained with double prisms 
formed of this substance, may amount to 43^ 26' 5(y\ It has 
long been believed that double prisms of rock crystal, could 
give a divergence of only 3(K or at most 40\ Malus has fixed 
the limit at 28^ ; but this arises from the circumstance that we 
always suppose the prisms separated by a stratum of air. Such 
a stratum does not influence the direction of the rays when they 
have once entered the second prism ; but the small refracting 
power of air opposes an obstacle to their emergence from the 
anterior prism, and the above estimate gives for the limit of the 
angle, that which permits the ray to emerge from this prism into 
the air. Theory and experiment agree in proving that this limi- 
tation i$ incorrect. The divergence obtained with double prisms 
of rock crystal, may amount to more than ten degrees. 

133. We may likewise employ prisms cut in directions different 
from the one above considered ; and by following the course of 
the rays through thera, as we have already done, and having 
regard only to the new directions of the forces which emanate 
from the axes, we can determine with equal facility, the direc- 
tions of the emergent beams. Only it must be remembered, that 
in virtue of modifications impressed upon the luminous rays by 
doubly refracting substances, the rays thus refracted by the 
first prism, may or may not be divisible by the second prism, 
and may experience the ordinary or extraordinary refraction, 
according to the relative positions of the axes of the crystal, in 
the two contiguous prisms. But this distinction is unnecessa- 
ry in the direction of cutting chosen by Rochon, because, the 
course of the ray being parallel in the first prism to the axis of 
the crystal, it has no tendency to be refracted one way more 
than another, in the second prism, and is acted upon there like 
a natural ray. 

134. Suppose, in general, two prisms of any crystal whatever, 
thus applied to each other *, and suppose that we have determin- 
ed, by experiment or calculation, the constant angle formed by 
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the two emergent rays, derived from the same incident ray, per- 
pendicular to the first surface. If we produce these two rays to 
their common point of meeting c, we may regard them as the Fig. 92. 
feet of a pair of compasses, whose angular opening is determinate, 
and the vertex c known. If wc have a circular disc whose 
diameter we wish to measure, we have only to place it between 
these branches and move it along till it touches them ; then we 
can calculate its diameter by knowing its distance from the ver- 
tex of the angle. The operation will be the more exact, accord- 
ing as the angle is smaller ; for then a very small difference in 
the diameter of the disc, will produce a very considerable one 
in the place of contact. 

Rochon applied this process very ingeniously to the measure- 
ment of the apparent diameters of the heavenly bodies. For 
this purpose he introduced the system of two prisms into theFig.93, 
interior of an astronomical telescope. Let A^ represent the 
object-glass of this telescope, AF its axis, F its focus, and S^ a 
very distant object, whose first edge S we suppose to be exactly 
in the prolongation of the axis AF* The pencil of rays emanat- 
ing from jS, and which covers the surface of the object-glass, is 
concentrated by it at the focus F, situated in the axis of this 
pencil, and fornis there a luminous image of the point S. The 
pencil of rays emanating from S\ being concentrated in like 
manner, in the prolongation of its axis AF'^ forms at F'^ a small 
image of the point S\ and a similar effect being produced by all 
the other pencils emanating from the intermediate radiating 
points, the series of foci FP^ forms a small image of the 
object. Moreover, if the angle FAF' or SASf^ subtended by 
the object is very small, and if the object itself is very dis- 
tant, all the points of the image will be sensibly at the same dis- 
tance from the object-glass A ; so that we may consider it in the 
figure as a small straight line FjP, perpendicular to AF^ the axis 
of the object-glass. Then the angle FAF'^ or its equal SAS'^yfiW 
be the apparent diameter of the object, seen from the point A. 
This being well understood, place between the object-glass A^ 
and its focus the double image apparatus, in such a manner, that 
its first surface shall be perpendicular to the axis AF. This Fig. 94. 
will not sensibly affect the size of the image f!P, at least, if the 
exterior surfaces of the apparatus are exactly parallel. But it 
is evident there will hencis result two images at the focus. In- 
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deed each incident ray AF, AF'^ will be divided on entering the 
second prism, and will give an extraordinary emergent ray c/, 
&f^ which will take the direction of emergence assign^ fay 
double refraction. Confining ourselves now to the consideration 
of the axes merely of the two portions, we perceive that the 
points c, (/, where the divergence for the axis'of each pencil 
takes place, will be fixed in the prismatic apparatus, at whatever 
distance we place it from the object-glass; and the angles of 
deviation F cf, F' cff\ will be likewise fixed. Hence it follows, 
that if we remove the prismatic apparatus from the focus of the 
object-glass, the extraordinary image//, which remains always 
in the plane FF\ will withdraw from the ordinary image ; and 
on the other hand, it will approach the ordinary image, if we 
bring the prismatic apparatus nearer the focus. Finally, when 
the movement is such as to bring the points c, c^, upon the line 
FP^ at the focus itself, the emergent rays, whether ordinary or 
extraordinary, proceeding from the same pencil, will diverge 
together at their departure from the same point, and will only 
produce upon the eye, the cfiect of a single radiating point ; so 
that the two images will exactly coincide in all their parts. 

As wc depart from this position, if the constant angle of devia- 
tion Fc/, exceed FAF\ that is, the apparent diameter of the 
disc, there will be a position of the apparatus, somewhere be- 
tween A and JP, which will bring the two images FF\ fp^ ex- 
actly in contact, as represented in figure 95. lii this case, the 
ordinary image FF'^ will be exactly contained between the two 
sides of the angle F cf^ which expresses the constant deviation 
produced by the extraordinary refraction. If, therefore, its dis- 
tance F c from the vertex of the angle be measured (which wc 
shall soon sen can be done), we shall know its absolute magni- 
tude FF* ; and as wc know also the distance AF»^ which is equal 
to the focal distance of the object-glass, we can calculate the 
angle FAF\ which it subtends at the point A ; this will be the 
apparent diameter of the object. If this diameter amounts only 
to a very small angle, it is shown by calculation that it is propor- 
tional to the distance jPc; at least if wc always make use of the 
same object-glass, and the same double prism. 

135. The distance Fc may be measured by means of a longi- 
tudinal division of equal parts, traced on the outside of the tube 
of the telescope. This tube is divided in the direction of its length. 
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so that the prismatic apparatus may be moved at pleasure through 
the whole focal distance AF* We begin by determining its posi* 
lion in the focus. For this purpose, we direct the telescope to the 
object, and move the prisms towards the eye, until the two 
images formed at the focus exactly coincide. We then read the 
point of lateral division, to which the index, carried along with 
the prismatic apparatus, corresponds; this point is the zero, 
from which the distances Fc are to be counted. Suppose, for 
instance, that it answers to the number 50. When we have 
observed any object and brought the images into contact, we 
read anew the point of division to which the index answers. 
Suppose this number to l)e 125 ; then, /or this value of the appa* 
rent diameter^ F c will evidently be equal to 1 25 — 50, or 75 
parts of the divisbn. In order to know, once for all, the ratio 
of this number to the apparent diameter, we employ a circular ri^ %. 
or spherical object SS* of a known diameter, placed at a distance 
ACy ascertained by direct measurement, or by a trigonometrical 
operation. We may hence calculate the apparent diameter 
SAS'y subtended by this object, seen at the distance AS. This 
being done, we observe the same object through the prismatic 
telescope, placing the object-glass at the same point Jl\ and 
when we have brought the two images into contact by the motion 
of the prisms, we measure on the lateral division the distance Fc. 
Then the ratio of thb distance to the apparent diameter SAS' is 
known for all cases, and we can employ it in all our other obser- 
vations. Or rather we may make use of it in calculating before* 
band the apparent diameters which answer to a certain number of 
values of Fc, and write them on the tube against each distance. 
This is commonly done in instruments intended for use. But in* 
stead of expressing the apparent diameters in minutes and seconds, 
we express the ratio between the distance of the object and its 
magnitude, which enables us to deduce one of these elements from 
the other. Thus, from the mean height of the men who compose 
a body of troops, we can determine their distance ; we can like- 
wise determine the distance of a ship at sea, from the supposed 
height of its mast. Our results, however, are the more liable to 
error, according as the distance is greater and the object small** 
er ; so that we must not think of employing this expedient for 
the purpose of ascertaining the distance of the heavenly bodies, 
although it has been sometimes proposed. Their apparent diam- 
eter is the only element to be determined by means oC it. 
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136. Hitherto we have supposed the first edge F of the ordi- 
nary image FP^ to be precisely in the axis of the object-glass aL 
the moment when we observe the contact. This condition is 
absolutely necessary in order that the incident ray AI, whicli. 
after its division, comprehends the ordinary image, may traverse 
the prismatic apparatus perpendicularly to its exterior surfai 
which is the only case we have yet considered. But if the ol 
served object were a heavenly body^ whose motion caused it t -o 
pass successively through the whole field of view of the teh 
cope, what nould be the result? Mathematically speaking, tb 
value of the angle F cf^ would no longer be constant in the dil 
ferent stages of its passage. If these variations are insensible 
which is the case when the refracting angles of the prisms ai 
very small, we can establish the contact of the two image 
when the heavenly body has entered the field of view, and L 
will continue through the whole extent of this field ; but if wi 
much enlarge the opening of the angles of the prisms, am 
the deviation which is consequent upon it, the angle JPc/ wil 
begin to vary sensibly for the different incidences which th^ 
field of view admits of, and the images after they are once 
brought into contact, will separate in traversing it. To avoid 
this inconvenience, Rochon proposed to substitute in the place 
of double prisms of a great angle an assemblage of several simi- 
lar prisms, but each of a very small angle, and cemented together 
in such a manner that all the principal sections should coincide 
exactly in the same direction. Indeed, in such a system, the 
separation of the rays increases with the number of double 
prisms, and the influence of the variation of incidences on the 
divergence of the images is much less sensible than in one double 
prism only, which gives an equal divergence ; for this, we might 
easily give a reason founded in theory. But great care must be 
taken that the superposition ol the prisms be exactly according to 
the principal sections, in order that the images may not be multi- 
plied beyond two ; and we must also use certain precautions in 
cutting the prisms, that they may not be coloured. These par- 
ticulars, taken together, render the process in question almost 
impracticable, at least for astronomical purposes. 

137. In what precedes, we have supposed the images FF'^ff^ 
formed by the object glass at the focus, to be observed by the 
naked eye ; whereas, in general, we look at these images 
through a magnifying glass, or a system of glasses disposed in 
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such a manner as to enlarge them indefinitelj without ren- 
dering them indistinct. This' is called the eye-glass, because 
it is situated in the part of the telescope next the eye, in the 
same manner as the former is called the ohject-glass, because it 
is situated towards the object. But as the action of the eye- 
glass is subsequent to the formation of the double images, it can 
evidently have no influence on the existence or non-existence of 
their contact; but only enables us to judge of it with greater pre- 
cision. Thus all we have said on the supposition that we use 
the naked eye, is equally true in the case where the eye is pro- 
vided with a glass ; accordingly we have not had reference to 
this modification, in the account we have given. 
. The celebrity of Rochon's micrometer, and the numerous ap- 
plications which are made of the process of division of images, 
on which the instrument depends, have rendered it necessary to 
go into this minute description of it. Still it is not exempt from 
inconvenience in practice, especially when we would apply it to 
cases of great magnifying power, as is required in astronomical 
observations. Accordingly, M. Arago has devised another and 
a decidedly preferable way of employing double refraction, 
which will be made known hereafter. 
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137. When we look at small objects through a rhomboid of 
Iceland spar, the disposition of the two images presents certaia 
peculiarities, which are so many consequences of the theory. 
These did not escape the notice of Huygens. As they might em- 
barrass persons unaccustomed to considerations of this kind, it 
may be worth while to take a brief notice of them. 

Let L be the radiating point, and S the eye, which, for greater Fig. 97: 
simplicity, we will suppose situated in the plane of the principal 
section JlBA^B' of the rhomboid. Let us inquire in what man- 
ner vision will take place under these circumstances. 

Here, as in the case of refraction through any other trans- 
parent body with parallel faces, there will be an ordinary ray 
which can reach the eye. Let LIF be this ray. As it enters 

Opt, 18 
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at /, by the first face of the rhomboid, there will be an extra- 
ordinary ray Il\ ; but this cannot come to the eye. To be 
assured of this, we have only to draw through the point of inci- 
dence /, the line M, parallel to the axis of the rhomboid. The 
force emanating from this axis will repel the luminous parti- 
cles, and those which yield to it, must evidently be removed 
beyond the ordinary ray, taking, for instance, the course II\. 
But having arrived at /^^,in the second surface, they* will emerge 
parallel to their primitive direction LL Hence there results a 
ray /',S', which being parallel to /'S, cannot pass through S, 
where the eye is placed. For a still stronger reason, the same 
may be said of every other extraordinary ray proceeding fnmi 
the incident rays, which approach nearer to the obtuse angle A\ 
The extraordinary image will therefore be given by the inci- 
dent rays which diverge from LI in the contrary direction, that 
is, which approach the solid angle B\ Among these, there will 
be found one, as Lt, whose ordinary branch cannot come to the 
eye, but whose extraordinary branch i t', may come to it after 
its emergence ; so that the eye will receive two images, the one 
ordinary in the direction 57% the other extraordinary in the 
direction Si^ ; and the first will always appear nearer the small 
^olid angle B', than the other. If the position of the eye and 
that of the radiating point, with respect to the rhomboid, be given, 
we can easily calculate the directions of these two rays, by tak- 
ing as unknown quantities the angles of incidence and emergence, 
which they form with the two faces of entrance and emergence. 
Because, for each ray, ordinary or extrordlnary, these angles must 
be equal to each other. But the result being one of mere curi- 
osity, it is suflScient to have indicated the general course. We 
can prove the crossing of these rays in the interior of the rhom- 
boid, by a very simple expedient devised by Monge. Things 
being disposed as in the figure, wc pass a card slowly over the 
surface A^B% situated towards the radiating point. When it has 
eome to ?, it will intercept the incident ray L i, which gives the 
extraordinary image. We shall then see the emergent ray Si' 
disappear, although from the direction in which it seems to come, 
we should expect to see the raj'- SF disappear first. In order 
that this priority may be accurately observed, we must place 
the eye very near the rhomboid, which will enlarge the angle 
S : and in order to have a luminous object of a small diameter. 
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we may look at the light of the sky, through a small hole 
pierced in a card,, or what is still better, at a black dot made 
on a white sheet of paper. In each case, the luminous object 
must be placed at a considerable distance. For the more the 
radiating point L^ approaches the surface of the rhomboid, the 
more will the point JT, where the rays cross each other, approach 
also this surface. But however near we suppose L, provided it 
be without the crystal, so that the formulas o'f Huygens may 
be applied to the luminous rays which emanate from it, the inter- 
section of the two rays will take place in the interior of the 
rhomboid; and consequently, the phenomenon we have describ- 
ed, will continue to occur, although with diiTcrent divergences. 
Figure 98 represents the case where the radiating point and 
the eye are situated in the same straight line perpendicular to 
the faces of the rhomboid. 

138. When we look thus, through a rhomboid, at the two 
images of a luminous point, whatever position we otherwise give 
it, the ordinary image will always appear nearer the eye than 
the extraordinary image ; this likewise is a consequence of the 
theory. 

In order to understand the reason of it, let L represent the pjg, 99. 
radiating point, S the centre of the eye, and SP the ordinary 
ray refracted in passing through the medium ABA'B\ whose 
opposite faces are parallel. If the eye were only a mathematical 
point, the ray I'S^ would be the only one of its kind which could 
come to it; but as the pupil has a certain extent, it will be seen 
that it must receive also a certain number of other ordinary 
rays near to S/', and consequently derived from incident rays 
near to LL These rays departing from L^ form a cone which 
has its vertex in L; they form another cone when refracted 
by the medium, and another still when they emerge from the 
second face AB. Now if we calculate the distance SL"^ from 
the eye to the vertex of this last cone, whatever be the nature of 
the intervening medium, whether it be crystallized or not, we shall 
find that the point Lf' is always nearer the eye, than the point 
£#; and the more so, according as the medium has a greater re- 
fracting power ; because its refraction increases the divergence 
of the emergent rays. Now it is precisely this divergence, 
which enables us, in general, to judge of the distance of the 
luminous points and their images ; so that the refracted image 
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always appears nearer than the direct image. But in the rhom- 
boid of Iceland spac* there are two refractions, of which the ordi* 
nary one is always the strongest, because the velocity thus im- 
pressed upon the light, is dimhiishcd in the other by the. repul- 
sive force* The ordinary images must therefore always appear 
nearer the eye, at least while the refraction takes place through 
plane faces, as we have here supposed. The contrary would 
be observed in a rhomboid formed of an attractive crystal, be- 
cause the extraordinary refraction would then be more power- 
ful than the ordinary. 

139. In attending to the course of the two refractions in the 
plane of the principal section of a rhomboid of Iceland spar, we 
have seen that the extraordinary ray is always carried towards 
the small solid angle of the second face. In this case, if the 
;. 100. incident ray 57, is also directed towards this angle, there exists 
an incidence, under which the repulsive force emanating from 
the axis M'^ exactly counteracts the effect which the ordinary 
forces tend to produce, and the direction of the extraordinary 
ray is not changed by refraction. The incidence at which this 
phenomenon takes place has been calculated and found to be 16^ 
4y. It only takes place on the side of the normal which we 
have considered ; since, on the other, the repulsive force acts in 
the same direction with the ordinary refracting forces, and in- 
creases the ordinary deviation of the ray. But this last would 
be the side for the occurrence of the phenomenon, if the crystal 
were attractive. 



Of Double Refraction in Compressed Glass, 

140. Some substances which do not naturally possess the pro- 
perty of double refraction, acquire this property when their 
state of aggregation is artificially modified by external pressure. 
This important fact, already rendered very probable by certain 
physical characteristics presented by luminous rays, after having 
traversed such bodies, has been completely proved by M. Fres- 
nel, in the following manner. 
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On the same straight line, parallel to each other, are arranged 
four glass prisms, whose refracting 'angle is a right angle, and 
which are designated by jJ, A^ A^ A. These prisms having each Fig. lOC. 
one of its lateral faces A^ placed upon the same plane, and being 
.brought into contact by iheir longitudinal edges, we apply to 
their extremities a strip of pasteboard, so as to cover them, and 
on this one of wood, and then one of steel ; after which, we 
introduce the whole into a sort of vice, the jaws of which, acting 
against the exterior plates of steel, press them against the oppo- 
site ends of the prisms, and consequently exert on these prisms, 
in the direction of their axes a nearly uniform longitudinal pres- 
sure. This being done, we introduce between these prisms thus 
compressed, four other prisms J?, B^ S, S, of the same refracting 
angle and the same kind of glass, but in their natural state of 
aggregation ; and we cement them to the first by a stratum of 
oil of turpentine thickened by heatings which, by establishing the 
contiguity of their surfaces, renders possible the passage of light 
through the system of eight prisms, notwithstanding the largeness 
of their refracting angle. Thus, when a very slender luminous 
x-ay is introduced perpendicularly through the first surface of this 
apparatus, it emerges freely and nearly perpendicularly through 
the last ; and moreover (which is the main point to be attended 
to) it emerges divided into two portions, whose sensible diver- 
gence increases for the same distance, according as the exterior 
pressure becomes more considerable. In some cases, the diver- 
gence amounts to 0,06 of an inch for 40 inches distance, so that 
it is impossible to mistake it ; nor can we suppose that it is pro- 
duced by a doubling of the path or trajectory, analogous to that 
of mirage, which takes place in media of variable density ; for, 
in consequence of the number of prisms, there would in this case 
be formed more than two images. But the circumstance which 
removes all doubt on the subject, is, that the two emergent por- 
tions exhibit, either in their absolute properties or in theu* rela- 
tions to each other, the physical modifications which characterize 
the two portions emerging from a doubly refracting crystal. 

141. This experiment of M. Fresnel, therefore, completely 
jproves that exterior pressure imparts to glass the property of 
double refraction ; but it does not teach us in what manner the 
I^ressure developes this property ; nor can we conclude from it, 
tliat the double refraction of bodies naturally crystallized, is 
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owing to (he same cause. It is evident, that this property results 
firom the mode of aggregation of the particles, because it ceases 
to exist, when we change this mode, or when we destroy it, as 
may be done in many crystals by fusion or dissolution in liquids* 
But we are ignorant how these'two things are connected together. 
We cannot even say with certainty what takes place in a 
flexible and elastic body, such as glass compressed, nor what 
particular kind of modification is introduced mto the system of 
aggregation of its parts. It is, however, probable that they are 
not only compressed individually, in the direction in which the 
exterior compressing force is exerted ; but that the pressure thus 
exerted, acts with more or less energy in all directions, by vir- 
tue of the flexibility of the medium, together with its cohesion* 
But then the individual state of the particles becomes very com- 
plicated, and it is extremely difficult, if not impossible, in the 
present state of our knowledge, to foresee what it will be. This, 
however, far from diminishing the merit of the experiments 
which apply to them in the aggregate, rather enhances their \ 
value* /' 
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Of the Dispersion of Light produced by Refraction, 



142. Hitherto we have only considered, as it were, the axes 
of the refracted rays, and have paid no regard to the dispersion 
ivhich they experience in traversing refracting substances. We 
come now to consider this phenomenon, the exact and complete 
analysis of which constitutes one of the finest monuments of 
Newton's genius. 

When we look at an object through a refracting prism, we 
know that its image does not appear in its true place ; but is 
shifted towards the vertex of the refracting angle of the prism* 
Let O represent the eye of the observer, ACB the section of the Pij. loL 
prism made by a plane perpendicular to its edges, and passing 
through the point O, and SS' the object situated in this plane. 
The image s s' will be elevated towards the angle C, because it 
is seen in the direction 0/2, OR'^ according to which the luminous 
rays emerge from the prism, after having suffered the two suc- 
-cessivc refractions at the faces .4 C,BC. We have sufficiently 
examined the laws of this deviation in the preceding sections, 
and have explained the means of calculating the course of the 
ray, both within and without the prism. 

But We have since remarked, that the borders of the image 
are not well defined and sharp, like those of the object. ' The 
image is lengthened in the direction ss^ perpendicular to the 
^ges of the prism, and painted with the colours of the rainbow^ 
This circumstance of colour is what we are now to examine. 

143. For the sake of distinctness, let us suppose that the 
edges of the prism are horizontal, which renders the line 5 ^ 
vertical, and that the vertex of the refracting angle is directed 
towards the zenith, as represented in the figure. Then let a piece 
of })lack cloth be placed beyond the object to prevent the rays 
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it emits from being mixed with foreign light* In this case, the 
lower border of the image will invariably appear painted red, 
and the upper one blue and violet. 

If we observe in this manner a very thin white object, for exam- 
ple, a white pin, a silver wire, a thread of white silk, or a narrow 

Fig. 102. strip of white paper, placed on a dark ground, parallel to the 
edges of a prism, of a suflSciently refracting power, we shall per- 
ceive no white at all in the image ss'; but this image will appear 
f entirely made up of parallel zones of different colours, among 
which we distinguish particularly, three distinct hues, the red at 
the bottom, the green in the middle, and the blue at the top.* 
Whatever be the nature of the substance whose image is thus 
observed, provided the colour be white, it exhibits, when seen 
through the prism, exactly the same: series of colours ; and if 
the dimensions of the several substances thus seen, are equal, it 
is absolutely impossible to distinguish one from the other. 

144. Let us now endeavour to analyze this phenomenon and 
see the conseqtiences to which it leads. The first circumstance 
we have to remark, is the dilatation of the image in the di- 
rection of its height. Indeed, if the object S9 were a mathe- 
matical line, parallel to the edges of the prism, and if all the 
rays which emanate from it were refracted according to the 
same ratio of the sine of refraction to the sine of incidence, the 
figure of the refracted image ss^, must also be a straight line 
without breadth ; and though we cannot rigorously reduce an 
object to this limit, it is yet easy to see that, when the object is 
very narrow, as a pin, any further reduction is idle, since it does 
not sensibly change the size of the observed image. Moreover, 

Fig. 101. whatever be the length SS^ of the object, if all the rays coming 
from it are refracted through the prism according to the same 
ratio of the sines, it is evident from calculation, that we can 
always find such a position, that the angle HOR\ contained be- 

* To perform this experiment well, we should make use of a prism 
of flint glass, of a refracting angle equal at least to 60®. Then the 
zones are perfectly obvious and distinct. If we have not such a 
prism, we can construct one with two glass plates, inclined to each 
other at an angle of about GO® or more, the space between them 
being filled with pure water, or water saturated with the acetate of 
' lead, in order to increase its refracting power. 
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tween the two emergent rays coming from its extremities, will be 
precisely equal to the angle SKS\ contained between the two 
incident rays from which they are derived, that is, equal to the 
apparent diameter itself; at I'^ast if we suppose the object so far 
distant, that the distances R'K and RO^ of the point K and the 
observer from the prism, may be regarded as nothing compared 
"with S/and s I'. The position of which we speak, is that in which 
the angle SIA is equal to the angle OR'B. Now this equality is 
far from what we actually observe; for whatever position we 
give to the prism, and whatever inclination it has with respect to 
the incident rays, we can never render the refracted image equal 
in extent to the direct image ; and the difference is more sen- 
sible, according as the object is smaller. This result, which is 
confirmed and rendered general by all the experiments which 
follow, obliges us to conclude, that the luminous rays which come 
from terrestrial objects^ do not all observe^ on being refracted, (Ac 
same ratio of the sine of incidence to the sine of refraction^ 

146. We have, moreover, remarked that the image of the pin, 
silk thread, &:c., is composed of parallel portions of different 
colours. Hence, we must infer that the refraction is different 
for the rays which produce the sensation of the different colours; 
so that the dilatation of the image arises from the different re- 
frangibility of the rays which cause these colours. 

Again, since the light of the pin which produces all these 
colours, appears white when the eye receives it directly, before 
it is separated by the prism, it is manifest that what we call 
-whiteness, is merely the union of a certain number of rays, 
nrhich, considered separately, produce the sensation of the dif- 
ferent colours, but which, united, produce the sensation of white. 
This may be easily verified. We have only to turn the pin, op 
strip of paper, in such a manner that its direction shall be per- 
pendicular to the edges of the refracting prism, instead of being 
parallel to them. Then the upper extremity of the image is 
violet and the other extremity red. But if the object be of the 
same size throughout its length, these are the only portions of 
the image which appear coloured, and all the intermediate part 
is white, as if seen directly. Now it is manifest, that in turning 
the pin or strip of paper on itself, we do not change the manner 
in which light emanates from it. The rays, therefore, which 
proceed from each point, still undergo, in the prism, the same 

Opt. 19 
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modifications as before ; that is, the red rays are least refracted, 
and the violet most. If then we do not distinguish these decom- 
positions in the middle of the image, it is a proof that the raja, 
coming from the several consecutive points of the object, recom- 
pose white by falling upon each other; and thus reproduce, by 
their union, the white which refraction had destroyed in each of 
them. It is also for this reason, that the pin, or strip of paper, 
must be throughout of the same diameter, in order that the ex- 
periment may succeed. 

147. Thus far we have confined our observations to reflected 
light. That which emanates directly from burning bodies presents 
similar phenomena. Of this we shall be readily convinced by 
looking at the fiameof a candle through a prism. The image of 
this flame, like that of every other object, is tinged with red anil 
violet at its two opposite extremities. But in order to observe 
these phenomena in all their beauty, it is necessary to analyst 
by the prism the light of the sun itself. 

To do this in a manner at once the most convenient and the 
most exact, we cause the light of this luminary to be reflected 
from the mirror of a heliostat, and to enter, by a very small 
aperture, into a perfectly dark room, twenty or thirty feet in 
length, where it is to be received upon a screen of white paste- 
board, perpendicular to the direction of the reflected heBtn* 
This image, perfectly stationary and composed of the most pure 
and brilliant light, ofiers for our experiments, the most favour 
able conditions. If we observe it attentively, we shall perceive, 
in the first place, that the light is not equally brilliant through* 
out ; its intensity is greatest in the interior of the image, and 
thence it gradually decreases towards the borders, where i' 
grows weaker and weaker till it becomes altogether insensible* 
It is necessary to note all these circumstances critically, before 
rig. 103. we subject the light to refraction. Let then SS' represent the 
diameter of the sun's disc, supposed to be spherical, FF' the 
diameter of the aperture, supposed to be circular, and TV the 
plane of the ppsteboard or screen, on which the luminous image 
is received. We are obliged to alter very much the true pro- 
portion of these lines in order to render them sensible in the 
figure ; but this does not affect the reasoning we are to employ. 
Now, in order to see how the image of the sun, transmitted 
through the aperture is formed and disposed, we conceive two 
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straight lines drawn through ihe extremities <S, S\ of the diame- 
ter, so as to be tangents to the sides jF, F% of the opening. We 
shall thus form the two cones TVT'^ tvt'^ one of which will 
have its vertex without the room and the other within. The 
first of these cones limits the space through which the solar rays 
can enter, and consequently its intersection with the plane of 
the pasteboard, limits the magnitude of the image, whose total 
extent is thus equal to TT', But this whole extent will not be 
equally illuminated. Indeed, if we consider any point M^ com- 
prehended between t and t\ that is, within the interior cone, an 
eye placed at this point will see the image of the aperture pro- 
jected wholly upon the sun^s disc ; since, if we conceive two tan- 
gents to the sides jP, F\ drawn from the point M^ these lines will 
meet the straight line SS\ between the points S and S'. But if 
the eye were placed without the interior cone, at N or N\ for in- 
5tance, it would see only a portion of the aperture projected upon 
the sun's disc ; and this portion would diminish according as the 
eye approached the extremities 7, T\ till at length, if it were 
placed at T or P, no part of the sun would be visible, except 
its extreme edge. Whence we see that the pure image, illumi- 
nated by the whole of the sun's disc, is comprehended between 
the points t and t'^ and is surrounded by an annular penumbra, 
the width of which is T tov V t\ It is easy to calculate the 
exact dimensions of all these elements, when we know the diam- 
eter FF'^ of the aperture, lis distance CO from the pasteboard, 
and the angle SVS\ subtended by the sun's disc, that is, its ap- 
parent diameter, which is the same for the points F, «, F, /^, 
without .any appreciable difference, on account of the almost 
infinite distance of this luminary, compared with the distance 
CO. We thus find that the total diameter TT,' of the illumi- 
nated space, is equal to the diameter T' t, or T V, of the solar 
image, seen from the aperture, in the pasteboard, plus the diam- 
eter T t, or T' if, oC the aperture ; it being supposed always that 
the.4uminous rays arrive freely at the pasteboard, without de- 
viating from a straight line, and without traversing any other 
medium than the air. 

148. This being determined, let us proceed to examine the 
modifications which the image in question undergoes, from the 
interposition of a prism. For this purpose, we make use of a 
prism ABC of very clear glass, whose refracting angle b at least Fig. 1Q4. 
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6(Pj and which is mounted in such a manner, that it can be 
turned about its axis in any direction. Let us suppose, for the 
sake of distinctness, that the solar beam FS is horizontal ; place 
the prism very near the aperture, in order that it may receive 
all the light introduced, and give its edges a vertical position, 
that the rays may deviate in a plane parallel to the horizon. 
In the prolongation of the refracted light, we place the screen, 
which should be made of fine white paper, and supported on a 
moveable stand that it may be placed nearer or more distant, 
higher or lower as occasion may require. In order that the 
spectrum, formed by the prism, may be distinct, and the colours 
well separated, the screen should be placed at the distance of 
fifteen or twenty feet. The whole being thus disposed, we turn 
the prism slowly about its axis, alternately from left to right} 
and from right to left. We thus find that, after we have caused 
the image VR to move on further and further in the same direct 
tion, we arrive at a point from which, if we continue still to turn 
the prism, the image, after remaining stationary for a moment, 
begins to return in the contrary direction. Having found this 
point of equilibrium, we fix the prism in its position ; it appears 
by calculation, that this position is very nearly the same with 
that indicated in figure 101 ; in other words, the sum of the an- 
gles of incidence is, in this case, equal to the sum of the angles 
of emergence. This position, therefore, offers very great advan- 
tages ; for we not only know directly, by calculation, the angles 
of incidence and emergence which correspond to it, and can thus 
dispense with taking the measure ; but we know also, that if all 
the rays which compose the incident light, observe the same 
ratio of the sine of refraction to the sine of incidence, they must, 
after refraction, form a refracted image of the object, equal to 
its direct image ; that is, in the case in question, they must form 
a round image, equal in breadth to the apparent diameter of the 
sun's disc, seen from the point F, and enlarged by a penumbra 
equal to the diameter JPf', of the aperture, where the rays cross 
each other. 

149. By performing the experiment in the manner supposed, 
the refracted image Ffi, is very far from being circular; it 
forms, on the contrary, upon the white screen, an oblong colour- 
ed spectrum, terminated laterally by two horizontal straight 
lines, and at the ends by two semicircles. The extremity /?. 
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itrhich deviates least, is tinged with a deep red ; the extremity 
F, where the refraction is greatest, is tinged with a dark violet ; 
between these two extremes, we observe an infinity of shades. 
This elongation of the image is not owing to any imperfection of 
the prism, as impurities in its substance or inequalities in its 
polish ; for all transparent prisms, of whatever substance they 
are formed, even those which are first made hollow and then 
filled with the purest liquids, produce similar efiects ; the only 
difference is in the absolute length of the spectrum, which 
is greater or less, according to the refracting power of the sub- 
stances, and the magnitude of the refracting angle. The elonga- 
tion of the image is, therefore, a constant phenomenon, which 
belongs to the nature of refraction ; and we are consequently 
obliged to conclude that the rays which compose the light of the 
sun, are not all equally refrangible ; for if they were, the image 
would not be elongated but circular, in the supposed position of 
the prism. 

1 50. Newton varied this experiment. He looked through the 
prism, at the image of the sun obtained from ihe aperture, as we 
have before done with respect to the image of a pin ; and he 
found the same eficct as to colour, and the same disposition of 
the colours. 

He endeavoured moreover to verify this important result, in 

all the consequences which might be deduced from it. If the 

dilatation produced by the prism, proceeds from the unequal 

fefrangibility of the luminous rays, then those rays which are 

^ound to deviate equally by refraction, are equally refrangible. 

Thus, if we suppose S to represent the centre of the direct solar Fig. loc 

"i^age, and FR the oblong, coloured image, produced by the 

vertical refraction of a prism whose edges are horizontal ; and 

^ Wc trace on this image the horizontal lines IhBB^ GG^ these 

iJ^es will designate the limits of equal refrangibility. Conse- 

l^^ntly, if wc make the image RV undergo a second refraction, 

^^d in a lateral direction, by a prism whose edges are placed 

^'^rtically, the rays contained in each of these lines //, BJS, &c., 

"^ing equally refrangible, ought not to be separated by refrac- 

^lon. if^ moreover, the second prism is in all respects equal to 

^he first, and is so placed as to have the same inclination to the 

incident light, its effect upon each of the rays contained in these 
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lines, will be also equal to that of the first.* Consequently, the 
inferior extremity R'^ of the second image will be removed as 
far from the inferior extremity R of the first, as this last is 
from the direct image <S, by the first refraction. And, as the 
same may be said of all the other points of the first image F/Z, 
it follows that if we prolong the horizontal lines //, BB^ GG^ 
we shall, after Hie second refraction, find RR' equal to SR^ VV 
equal to SV^ BB' equal to 5j5, and so on ; whence we conclude 
that the second image must be contained between the same horh 
zonlal lines with the first, without being at all dilated in length. 
The lower part of the first image, which sufl^ers the least refrao 
tion, and is of a red colour, must also form the red part of the 
second image, and suffer also the least refraction. The same 
ratio must hold true for the opposite extremity, which is violet 
Moreover, on account of the equality of SR and RR'^ the nev 
image must be terminated laterally by two straight lines, inclined 
to the vertical FS, at an angle of 45° ; and finally its axis P/P, 
being prolonged, must pass through the centre S of the direct 
image. Now, by performing this experiment, we find that all 
these consequences are exactly realized, as Newton had assured 
himself. This agreement, thercfoi*e, confirms in the fullest man- 
ner, the unequal refrangibility of light, and it shows that this 
property of the rays is not accidental, but that it is inherent in 
their nature ; since each of these preserves it invariably, after the 
first refraction, and even after the second and third, as Newton 
in like manner ascertained. 

151. We have already remarked, that the size of the ape^ 
lure through which the rays are admitted, must produce, even 
iu the direct image of the sun, a penumbra or gradation of 
brightness, by which the borders of this image pass insensibly 
from the most vivid light to the most perfect obscurity. Now 
the feeble light which forms this penumbra, being absolutely of 
the same nature as the rest of the image, must be modified in 
the same manner by refraction, and consequently will be found 
on the rectilinear sides of the oblong image, whose distinctness 

■ - 

* We suppose the second prism, as well as the first, so placed as 
to make the angle of incidence equal to the angle of emergence* 
For it is only in this position, that an image formed of rays equally 
refrangible, is neither dilated nor contracted by refraction. 
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it thus affects. This is confirmed by experiment. In order to 
avoid this defect, Newton placed before the aperture in the win- 
dow, a glass lens, which, by its refraction, concentrated nearly 
in one focus, all the rays sent from the several points of the sun's 
disc ; and hence resulted an image of this luminary, white, cir- 
cular, and perfectly free from penumbra. This being done, he 
received this collection of rays upon a prism placed behind the 
lens, and the oblong image formeA by refraction, was found, in 
like manner free from every thing like penumbra on its rectili- 
near sides j so that these sides appeared as distinctly terminated 
as the direct image given by the lens. 

153. In the experiment relative to lateral refraction above 
described, Newton found the means of operating separately upon 
each of the several rays of equal refrangibility. The following 
is another method employed by him of effecting the sahie purpose. 

Let SF represent a beam of solar light introduced into the ^^* ^^ 
dark room by the aperture F. Near this aperture we place a 
prism ABC^ which, refracting unequally the differently refrangi- 
ble rays contained in this beam, will form on the screen TT an 
oblong, coloured image, as we have seen in the precceding ex- 
periments. In order to examine separately the differently re- 
frangible rays, of which this image is composed, we make in the 
screen TT^ a very small circular aperture O, which answers to 
one of the points of its length. Then there will pass through this 
aperture a small cone of rays sensibly homogeneous, which, 
falling upon another screen IT', parallel to the first, will form 
there a small circular image of the aperture O. This image will 
be of one single colour, as red, for instance, if the aperture O 
answers to the rays of the first image, which produce the sensa- 
tion of red ; and green, if it answers to the green rays, and so 
on. Now, when this homogeneous light is separated from the 
rest of the spectrum, we can examine it at pleasure. For this 
purpose we make at O* in the second screen, a small aperture, 
m such a manner as to admit only a small portion of the homo- 
geneous light, and cause this portion after passing the aperture 
to pass through a second prism a 6 c. Then if the unequal 
refrangibility of the rays, contained in a natural beam, be the 
only cause of the elongation and colour of the image, nothing of 
this kind will here take place. The homogeneous portion, re- 
fracted by the second prism, will not have its colour changed ; 
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and if the inclination of this prism be such as to make the inci- 
dences and emergences equal, the image formed by this portion 
on the wall, will be round like the aperture itself. This is com- 
pletely verified by the experiments of Newton and all succeed- 
ing philosophers. 

153. If now we turn the first prism slowly about its axis, the 
rays which produce the sensation of the different colours, will 
pass successively through thf aperture O, and will also arrive 
successively at the second prism ahc^ exactly in the same direc- 
tion Ofy, and consequently with the same incidence. We shall 
thus see formed successively on the wall, the image of red, yel- 
low, green, &c., according as the rays which then pass through 
the aperture O, arc found lo be those which produce the sensa- 
tion of red, yellow, green, &c. If then it is true that these rays 
are tnequally refrangible, and that this property is inherent in 
them, they will experience in the second prism, unequal refrac- 
tions, that is greatest for the violet, least for the red, and inter 
mediate degrees for the rays which produce the intermediate 
colours ; which may be easily perceived by the unequal height 
of the images, and by their rising or descending as we turn the 
first prism. All these consequences are perfectly confirmed by 
facts. 

154. This unequal refrangibility of the luminous rays must 
necessarily produce its effect, when light is refracted by spheri- 
cal lenses. For a lens is nothing but a circular assemblage of 
an infinite number of prisms of unequal refracting angles. Hence 
there must result for differe .t rays, different focal distances, the 
rays most refrangible forming their focus nearest the lens, and 
those least refrangible, having their focus most distant. This is 
but too well confirmed by experiment; for the dispersion of the 
foci, thus occasioned, has been for a long time, a great obstacle 
to the perfection of telescopes. 

155. Hitherto we have examined only those properties of rays 
which depend upon their unequal refrangibility. We come now 
to consider another property, discovered also by Newton; name- 
ly, the facility of the rays for interior reflection by refraction, is 
also unequal, and the more so, according as they are more re- 
frangible. He conducted the experiment in the following manner. 

Fig. 107. Having introduced through the aperture F, into a dark room* 
a beam of light iVM, he caused it to fall upon the side JlC.oi '^ 
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prism ABC^ whose two angles £, C, measured each 45^, A being 
a right angle. The refracted ray emerging at M^ proceeded to 
form below the prism, a coloured image VR^ as in the preceding 
experiments. Bjr turning this prism slowly about its axis, in the 
direction ABC^ the refracted rays are made to fall more and 
more obliquely upon the base JBC, and the emergent rays also 
take a direction more and more oblique to this base. Hence, if 
we continue to increase the obliquity, the refracted rays will at 
length be no longer capable of emerging, but will be wholly car- 
ried back into the prism by refraction, as we have already ex- 
plained. In common glass, this phenomenon takes place when 
the rays, in their interior incidenct: make with the base fiC, an 
angle of about 48^» Then if the refracting angle C is 45^, as 
Newton made it, the incident rays will be nearly perpendicular 
to the first surface AC oi the prism, and consequently the dis- 
persion, caused by their first refraction, is nearly nothing ; so 
that their interior incidences upon BC are sensibly equal. But 
notwithstanding this equality, their interior reflection is progres- 
sive ; for if, during the motion of the prism, we observe atten- 
tively the coloured image F/t, we shall see that the violet first dis- 
appears from this image, while the other colours remain. After 
the violet, the blue disappears, then the green, then the yellow, 
and finally the red, which disappears last. It is then only, that 
the mterior reflection is total. These rays, successively reflected, 
emerge through the side BA of the prism, to which they are also 
nearly perpendicular. If they were the only ones which follow- 
ed this direction, we should thus have a very simple means of 
separating them wholly from the rest. But this is not the case ; 
for the refracted beam experiences always at .%f a partial reflec- 
tion, which, acting without distinction upon all the incident light, 
sends a certain proportion of it directly towards the face AB of 
the prism ; so that the coloured parts of the portion FiZ, which 
come next to be reflected, only add to those already reflected. 
Still we can here recognise their influence. For this purpose 
we first place the prism ABC^ in such a position, that the re- 
fracted beam VR shall emerge entirely ; then in the direction 
JttAT of the returning beam, produced by partial reflection, we 
place a second prism A'B'C'^ which, refracting it, forms upon 
the screen TT^ another oblong and coloured image RV'* We 
then observe attentively the intensity of this image; and if 
Opt. 20 
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we turn the first prism ABC^ slowly about its axis, in such 
a manner as to increase gradually the obliquity of the rays 
refracted at its base, we shall see that at the instant when the 
violet rays can no longer emerge through fiC, the violet part of 
the image R'V^ will receive a very sensible increase of intensity, 
compared with the other tints which compose it. Next the blue 
will increase, then the green, the yellow, and finally the red, 
when, by the continuing the motion of the prism, the reflection 
becomes total at M. Newton varied the experiment in several 
ways, and the result of the whole was what I have above 
stated. 

156. In all this variety of experiments upon light transmitted 
through natural bodies, upon light reflected from specular sur- 
faces, and lastly, upon refracted light, we always find rays which, 
at equal incidences, (the medium being the same) suff*er unequal 
refractions, although no dispersion takes place in each simple 
ray. We find, moreover, that this effect is not produced acci- 
dentally by imperfections in the refracting substance ; but that 
it is governed by regular laws, depending upon the position of the 
refracting prism, the refracting angle, and the nature of the 
substance. From all this, it follows incontestibly, that the light 
of the 5im, like other kinds of light j which can be subjected to the 
same experiments^ is a mixture of heterogeneous rays^ of uhich some 
are constantly more refrangible than others^ and which^ considered 
separately^ are capable of producing upon our organs the setisation 
of different colours. Moreover, since the violet rays return 
into the prism, under interior incidences at 'which the others 
emerge, we may add, that these rays differ also in reflectibUiiy^ 
and that those which are most refrangible are also most suscqftible 
of being reflected inward by refraction. According to the theory of 
attractive forces, this is a consequence of unequal refrangibility. 

Another consequence of this inequality is, that the solar spec- 
trum, as given by a prism, is really nothing but the succession 
of an infinite number of small circles, partly superposed upon 
each other, and having each a simple colour, from the violet end 
to the extreme red. This is represented in figure 108, in which 
it is only necessary to suppose an infinite number of successive 
circles, from the violet to the extreme red, instead of the small 
number here represented. 
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If the image thus dispersed be that of the sun, whose apparent 
diameter is about half a degree, each of these several circles, 
seen from the centre of the circular aperture, supposed to be 
infinitely small, subtends also an angle of about half a degree. 
For each kind of simple rays, coming from the opposite limbs of 
the sun, forms, in passing through the aperture, a cone whose 
angle at the centre is equal to the a^^rent diameter of the sun^s 
disc ; and when refracted in the prism, with the angles of inci- 
dence equal to the angles of emergence, the refracted cone has 
sensibly the same angular opening as the direct cone. The size 
of these consecutive images, causing them necessarily to lap upon 
each other, it follows that, strictly speaking, light is nowhere 
absolutely homogeneous, except on the rectilinear sides of the 
image where the circles are detached from each other* 

I'he means of simplifying the effect, is then to diminish the 
diameters of these circles, in order to separate them more from 
each other, the distance between their centres still remaining the 
same. This we do by greatly contracting the aperture by which 
the rays enter the dark room, or by giving it the form of very 
narrow slit, having its small diameter in the direction of the 
refraction. Among the many precautions employed by Newton 
to obtain this separation, one of the most important, is to concen- 
Irate the beam by a lens, before it falls upon the prism. We 
should take care also to place without the aperture, in the direc- 
tion of the solar beam, a narrow and black tube, in order to 
exclude the foreign light, which, coming from the lateral parts of 
the heavens at a great distance, would form in the dark room 
large cones, and consequently, present after refraction, large 
circles, which mixing with each other and with the principal 
image FS, would affect the distinctness of its colours. 

157. It is upon light thus rendered pure, that the decisive ex« 
periment on the immutability of colour, illustrated by figure 106, 
should be made. This remarkable property is then preserved, 
not only after one refraction, but after all the successive refrac- 
tions which the homogeneous beam is made to undergo. It is not 
destroyed even by reflection ; for if insects or other small ob- 
jects, be placed in this light, and examined through a prism, even 
of a great angle, we see them just as distinctly as if we viewed 
them directly, and with the single colour that illuminates them ; 
whereas we could not distinguish them at all, if we looked at 
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ihcm in this manner, when they were illuminated by the compound 
light of the sun, because the image of their different parts would 
be elongated and deranged in consequence of the unequal re- 
frangibility of the different rays. We might make the same 
experiment with a printed book. If it is illuminated by homoge- 
neous light, the characters can be read with perfect distinctnessi 
however fine the impression is; while they cannot be distin- 
guished at all after reflection, if they are illuminated with com- 
pound light. 

If we consider the course of luminous rays, thus purified, 
through the same refracting medium under different incidences, 
we find, as before remarked, that the sine of refraction is always 
in a constant ratio to the sine of incidence. We shall hereafter 
have occasion to note the most delicate proofs of this fact. For 
the present, we only observe that, according to the theory of the 
emission of light, it becomes a necessary consequence of the affin- 
ity existing between luminous particles and refracting bodies. 

158. The reason why refraction causes certain luminous par- 
ticles to deviate more than others, cannot be assigned with any 
degree of certainty. We might be induced to believe that this 
inequality is owing to a difference as to their mass or velocity ; 
but in this case bodies which refract the one class of rays equally, 
ought also to refract all the other classes equally, which is not the 
case, as will soon be shown by direct experiment. For instance, 
there arc some bodies, which refract the green rays as little and 
even less than other bodies, while they refract the violet rays 
more. We are obliged, therefore, to believe that the chemical 
nature of the particles of light, and perhaps their form, contri- 
butes to this phenomenon, and causes the affinities of these par- 
ticles, while traversing different bodies, not to preserve among 
themselves the same constant relations. 

159. We have seen that certain crystallized bodies have the 
singular property of dividing into two portions the luminous rays 
which traverse them, and have called this phenomenon double 
refraction. In this case, each of the two refracted portions be- 
comes also dispersed. In crystals of one axis, where the velo- 
city of the ordinary ray is constant, the general law of its dis- 
persion is the same as in bodies which produce only simple 
refraction. The law of dispersion of the extraordinary ray is 
more complicated, because it is affected at the same time by the 
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ordinary refracting forces, and the repulsive or attractive forces 
which emanate from the axis of the crystal* In crystals of two 
axes, this complexity extends to the two velocities. We shall 
examine the combined effects thence resulting, when we have 
completely established by experiment, the phenomena exhibited 
in ordinary dispersion. For the present, it is sufficient to remark, 
that the refrangibility and colour, peculiar to each ray, are not 
altered or changed by double refraction. 

160- Since each species of rays of a particular refrangibilityi 
retains thus invariably its own peculiar colour, we may, for the 
sake of brevity, designate each ray by the species of colour of 
which it produces the sensation. Thus we denominate red rays, 
those which are least refrangible and which produce the sensa- 
tion of red ; yellow rays, those which produce the sensation of 
yellow ; and violet rays, those which produce the sensation of 
violet ; not because we suppose that these rays are really red, 
yellow, and violet, or that they have colour in themselves, 
any more than sonorous bodies contain sound ; but only to ex- 
press the sensation which they are capable of producing, and 
which they do constantly produce in eyes properly organized. 

Nevertheless it is impossible to assign, in this manner, particu- 
lar denominations to all the rays ; for since each ray endued 
with a different refrangibility, produces on our organs the sen- 
sation of a peculiar colour, the number of shades following each 
other in the spectrum, must be infinite like that of the rays which 
produce them. But since the most accurate eye cannot have a 
distinct sensation of so many shades, differing so little from each 
other, it is sufficient to establish among them, a certain number 
of divisions, which, comprehending all the shades in their sev- 
eral intervals, will enable us to fix their place and character 
with a precision corresponding to that of our senses. This was 
done by Newton ; he drew seven prmcipal lines of separation 
in the spectrum between the extremes of the greatest and least 
refrangible rays. The divisions thus formed, being designated by 
the colours belonging to them respectively, are the following ; 
moiety indigo^ b/ne, green^ yellow^ orange^ red. 

The rays comprehended in each of these divisions, may be 
regarded as homogeneous, as to refrangibility and colour ; and 
each portion retains its peculiar refrangibility and colour, what- 
ever refraction it is made to undergo; and, what is no less 
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remai^ble, this colour is not altered by the radiant refiectioa 
which takes place in natural bodies. '^ For,'' says Newton, 
« every body, whether white, grey, red, green, blue, or violet; 
as paper, ashes, red lead, orpiment, indigo, blue embers, gold, sil- 
ver, copper, grass, blue flowers, violets, soap bubbles tinged with 
different colours, peacock's feathers, brazil wood, and the like; 
all these, when exposed to a homogeneous red light, appear eo* 
tirely red ; to a homogeneous blue light, entirely blue ; to a 
homogeneous green light, entirely green, and so on." In a word, 
in homogeneous light of whatever colour, all bodies appear en- 
tirely of this colour ; with the single difference, that some reflect 
it more strongly than others. " But," adds Newton, " I have 
never seen a body, which could sensibly change the colour of 
homogeneous light by reflecting it." It is evident that this ap- 
plies only to light perfectly homogeneous ; and consequently, in 
<H:der to perform these experiments, we must take the utmost 
care to purify the solar image by the methods already described. 
For among natural bodies which reflect the most vivid colours, 
there is no one, which sends, by radiant reflection, colours abso- 
lutely simple and homogeneous, as these experiments themselves 
prove, and as we may assure ourselves by the consideration, that 
all these colours are capable of being decomposed by a prism, and 
resolved into a spectrum where we can recognise several differ- 
ent shades. If, therefore, different bodies illuminated by the same 
white light, appear to us to have determinate colours, it is only 
because they emit in greater abundance, the rays which produce 
the sensation of one particular colour, than those which produce 
any other. Accordingly, when we expose them in perfectly 
homogeneous light, where they have only one species of rays to 
reflect, they will all appear to possess the colour belonging to 
these rays, and there will be no difference among them, except 
in the quantity of light which they are capable of emitting. But 
if we expose them in light imperfectly decomposed, among the 
rays which fall upon them, they will separate those which they 
are best fitted to reflect ; and these rays, existing thus in greater 
proportion in the reflected than in the incident light, will sensibly 
alter the colour of the latter ; whereas such an effect never hap- 
pens when we expose them in perfectly homogeneous light. 

The above experiment may be in a manner reversed. If 
TTc expose two bodies of different colours in the same natural 
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light, deprived of these colours, they will both appear to have the 
same colour. For instance, gold is nearly a pure yellow, and 
silver is white, which comprehends all colours ; and if we expose 
both in the same natural light deprived of the yellow rays, they 
will appear of the same colour. 

161. In order to define these phenomena accurately, it is ne* 
cessary to fix the comparative spaces taken up by these several 
colours in the spectrum. Newton has investigated this point, 
but the proportions he obtained are necessarily particular, and 
refer to the kind of glass he used ; so that they will afford only a 
general indication of the mode of distribution of the colours, with 
respect to other substances. Being thus restricted in the use of 
these results, let us suppose the whole spectrum divided into 
360 equal parts ; then, according to Newton, the comparative 
spaces occupied by the different colours are as follows* 

Violet • • • . 80 

Indigo • • » . 40 

Blue . • # • 60 

Green • • • « • 60 

Yellow • • • • 48 

Orange • • • • 27 

Red • • • « 45 

We shall hereafter furnish a very certain method of comparing 
these intervals in different refracting bodies. Newton believed 
that the proportion was always constant ; and this error, resting 
upon such high authority, retarded for a long time the inventioo 
of achromatic telescopes. 
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163. We have seen that the refrangibility and colour of the 
several homogeneous rays, are not changed either by refracticm 
or reflection. We come now to show that these properties are 
xiot affected by compounding rays of different colours ; but that 
they are preserved in the mixture, and transferred without varia* 
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tion. This important truth is established by the following ex* 
periments of Newton. 

' We introduce a beam of solar light into a dark room, and after 
%. lOSL it is refracted by a prism, we receive its spectrum F/2, on a lens 
Xr, placed vertically at a distance from the prism equal to double 
its focal distance. Then this lens will concentrate the rays in a 
focus situated on the other side of its surface, at a distance equal 
to that of the point P, where the refracted rays begin to diverge. 
This we have already demonstrated, in treating of the effects of 
lenses. Beyond the focus 77, the rays diverge anew, and form 
on the white screen JP, another spectrum V'R'^ inverted with 
respect to the first FJR, because the interposition of the lens 
causes the rays to cross each other. Things being thus disposed, 
let us examine the different modifications which these rays un- 
dergo. We see that they are dispersed in UF", by the first 
refraction ; this dispersion continues also, after they have tra- 
versed the lens, and the colours belonging to each ray are not 
changed ; for if wc place a piece of white paper near the poste- 
rior surface of the lens L, it will present a spectrum similar to 
RV^ and in which the order of the colours is the same. As we 
move the paper from the lens, the spectrum becomes smaller, 
because the rays which the lens has rendered convergent, con- 
stantly approach each other ; till they meet, at length, in the 
focus F, and there form on the paper a white circular image. 
But, after this concentration, they separate anew with their ori- 
ginal properties ; for they retain these properties in the forma- 
tion of the image V'R' ; and we may perform on this image 
precisely the same experiments we performed on the spec- 
trum, which had not traversed the lens L, and whose rays 
had not crossed each other at the focus F. Hence it is manifest 
that their concentration at F, has not altered their refrangibility 
or their colour, as would have been the case, if, in crossing, they 
had exerted any action upon each other. 

163. Let us now return to the image formed at the focus; it 
is the result of the simultaneous impression made on the eye, by 
all the different rays which are concentrated in this point. This 
union, therefore, is the necessary condition for producing the 
sensation of white ; and the rays are still capable of producing 
it after having been dispersed by the prism P, and united by the 
lens L, just as well as when they were first united in the incident 
beam. 
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It has already been remarked that the several coloured rays 
are not strictly united at the same focus by the lens, but that they 
form, at their departure from its second surface, cones of unequal 
lengths, which must render the mixture in this case less perfect 
than it is in the incident beam. But this union, which is not 
effected by the concentration of the rays themselves, is com- 
pleted by the action of the white screen upon which they fall ; 
for this screen, reflecting them every way, like a direct ra- 
diation, mixes them as completely as they were mixed in the 
incident beam. Accordingly, we perceive no colour, except on 
the exterior borders of the image, where the cones, formed by 
the most refrangible rays, always project a little. 

164. From the result of the above experiment, respecting the 
cause of whiteness, we may presume that this sensation would 
be modified by taking away some of the rays which conspire to 
produce it. This is in fact the case ; for if we fix the screen at 
the focus F, where the white circular image is formed, and inter- 
ccjpt some of the rays which fall upon the lens, by covering the 
space on which they fall, with a black rule, placed transversely 
with respect to the spectrum, the image formed at the focus im- 
mediately ceases to be white, and the colour thus produced, is 
that which ought to result from a combination of the remaining 
colours. But if we take the rule away and suffer the intercept- 
ed colours again to pass, so as to fall upon this compound colour, 
they reproduce the white. If, for instance, the violet, blue, and 
green are intercepted, the yellow, orange, and red which remain, 
will compose a sort of orange on the screen ; but if, after this, 
we suffer the intercepted rays again to pass, they mix with this 
orange and restore the white. In the same manner, if the red 
and violet are intercepted, the yellow, green, and blue which re- 
main, will compose a sort of green on the screen, after which, if 
we suffer the red and violet to combine with this green, they will 
reproduce the white. We can repeat these decompositions and 
recompositions at pleasure ; they will always take place in the 
same manner, and always produce similar alternations, provided 
the eye has time to appreciate them separately. But if we move 
the rule very rapidly over the spectrum RV^ the eye is incapa- 
ble of distinguishing the variety of tints which succeed each 
other, and which are interrupted by intervals of white. In this 
case we always see white. The experiment succeeds still better, 

Opt. 21 
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if we subslitutc, in the place of the rule, a piece of black paste- 
lioard CC, in which several slits are cut parallel to each other. 
165. It has been demonstrated that the colorific properties of 
homogeneous rays are not changed by the forces which produce 
reflection, whether radiant or specular. We may, therefore^ 
presume that these forces will not destroy the property by which 
the rays form white, when united together after having been 
separated; and this presumption is confirmed by experiment. 
Let SI represent a beam of white light introduced into a dark 
Fif. 110. room. Let this beam be refracted and dispersed by the prism 
JlBC^ and let the spectrum /JF, thus produced, be received upon 
a screen placed at the distance of fifteen or twenty feet. Sup- 
pose now that ao observer, stationed at O, very near the first 
prism, holds before his eyes a similar prism A'B'C'^ formed of 
the same substance, and having the same refracting angle. If 
the observer places thb second prism parallel to the first, the 
rays of different colours, emanating from the different points of 
the spectrum RV^ will meet the prism A'B'C almost exactly 
under the same angles, which they formed at their emergence, 
with the surfaces of the first prism ; and since we have proved, 
in another place, that their refrangibility is not altered by radi- 
ant reflection, the rays will be affected here as they were in the 
first prism, undergoing the same refractions in an inverted order, 
and will form at their emergence in O, a collection of emergent 
parallel rays, such as they formed at their incidence in /• The 
observer, therefore, receiving all these rays together, will still 
experience the sensation of white, provided their power of pro- 
ducing this sensation is not changed by the radiant reflection 
from the screen ; and experiment proves that it is not. But in 
order to obtain an accurate result, a number of precautions are 
necessary, of which a detail is given in the TraiU de Physique. 

This recomposition of colours by means of equal and inverted 
refractions, may likewise be obtained with a single prism, by 
means of interior reflections. It is to this that we are to attri- 
bute the numerous white images seen to emerge after several 
reflections, from the different faces of a prism exposed to a 
solar beam ; images whose light is often an obstruction to the 
accuracy of our experiments. The manner in which these recom- 
positions take place, is described in the Trait6 dc Physique* 



RecompaaUum of Cokutt* 1 6S 

166. It is proper in this connexion to notice an experiment, 
which seems, at first view, to indicate that the colorific proper* 
ties of rays may be changed by reflection ; though, in reality, it 
proves the contrary. For this purpose it is necessary to recur 
to the apparatus represented in figure 109, in which the refracted 
rays were united by a lens. If we place at the focus F, a piece 
of white paper perpendicular to the axis of the luminous pencil, 
the light reflected from this paper will appear white ; but if we 
substitute instead of ihe paper a polished metallic plate, the light 
reflected in some points of the room will appear coloured. It 
would seem from this, that the properties of the incident rays 
were changed by reflection from the mirror ; but an attentive 
examination will lead us to alter this opinion. The luminous 
rays fall, indeed, very nearly upon the same point of the metallic 
plate, but not under the same inclinations. As they experience 
the specular reflection in forming the angle of reflection equal to 
the an&;le of incidence, this reflection must necessarily separate 
them ; so that when they leave the mirror, they only continue 
the divergence which they had when they came to it; and this 
is the divergence they would have had beyond the focus F^ if 
they had been left to pursue their course without interruption. 
When the rays fell together perpendicularly upon the paper, 
their reflection did not take place in this manner, because the. 
paper is not a polished body ; each of the rays was then diffused 
indifierenily in all directions, at their departure from the point of 
incidence, and as each point of the paper diffused thus, at the 
5ame time, all the rays which fell upon it, these would of course 
arrive together at the eye. But even in these circumstances, the 
separation of the colours becomes perceptible, when the paper is 
very considerably inclined to the rays, because, though it is not 
polished, yet it is not entirely of an opposite nature, and accord- 
ingly a part of the incident light is reflected specularly, especially 
when the incident rays make small angles with its surface. 
This property is common to all bodies, and belongs even to glas$ 
from which we have taken pains to remove the polish, by rub- 
bing its surface wiih sand, as has already been remarked in 
treating of reflection. 

In the preceding experiments we have seen that white is pro- 
duced by combining the heterogeneous rays which the refractive 
power of the first prism had separated ; but we can also produce 
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it by uniting the different colours obtained from different prisms ^ 
and this explains the progressive decomposition which the same 
beam, if it be of sensible magnitude, experiences in its different 
parts, according to its distance from the prbm where it has been 
refracted.* 
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167. By the preceding experiments we have proved, in the 
most rigorous manner, that each ray carries in itself its colorific 
property, which, like its refrangibility, cannot be destroyed or 
changed. But what is very remarkable, this property is not 
peculiar to them ; for we can compose artificial mixtures of col- 
ours, which produce on our organs the same sensation. This 
may be done in several ways ; one of the most simple, consists 
in employing the apparatus represented in figure 109, where the 
rays, after being dispersed by a prism, are concentrated by a 
lens in one uncoloured focus. Suppose a piece of black paste- 
ig. 111. board TT, placed before the lens. In the middle of this paste- 
board, let several rectangular openings W^ 11^ be made, and let 
slides be adjusted in such a manner as to admit of their being 
covered or uncovered at pleasure. If the pasteboard be so 
placed as to cause the spectrum to fall upon these openings, we 
can allow such rays as we choose to pass, and in such propor- 
tions as we choose ; and these, uniting at the focus of the lens, 
will paint there, on the white screen, the particular colour which 
results from their mixture. We find in this way, that each col- 
our may be imitated by the mixture of the two colours which 
border upon it. Thus the mixture of orange and greenish yel- 
low, produces yellow ; the mixture of greenish yellow and blu- 
ish green, produces deep green ; which may be imitated also, 
but not so well, by blue and yellow. Blue is imitated by the 
mixture of bluish green and indigo ; and, what is rather remark- 
able, violet itself may be imitated by the mixture of blue and 

* For further particulars on this subject see Biotas Traite de FAy- 
sique. 
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red. But all these mixtures, when observed through a prism, 
are resolved again into their elements, they being separated by 
refraction ; whereas the colours produced by homogeneous rays 
are not changed by the prism, and this forms their essential 
characteristic. 

168. We may also imitate the simple colours more or less 
perfectly, by mixing togeth^ powders of different colours. This 
is the way in which painters compose their colours ; but th€;^e 
ean never equal, in vividness, the colours obtained by the analy- 
sis of light, and the prism immediately separates them, and 
makes known their composition. 

We may even imitate white by such mixtures, but yet in a 
very imperfect manner, for the coloured powders, made use of 
for this purpose, always absorb a great part of the light which 
falls upon them ; and it is because they thus absorb a part, that 
they appear of the colour supplementary to this part. In gen- 
eral, therefore, we can compose, with such mixtures, only a gray- 
ish and dirty white, such as results from the mixture of a pow- 
der perfectly white with a black powder. But if we increase 
the intensity of the light by which they are illuminated, we are 
enabled to add to their lustre and to render it equal to that of the 
whitest bodies, as paper, for example, but paper faintly illumi- 
nated and placed in an unfavourable light. 

169. These mixtures, varied continually, would present an 
infinite variety of shades, which make no part of the simple col- 
ours of the spectrum ; but there is no one of these shades which 
might not be produced by a proper mixture of simple colours, 
with the advantage of a far greater lustre. By considering the 
different portions of simple light which compose the spectrum, 
as so many forces acting upon the organ, and measuring the 
influence of these forces, in the various mixtures which may be 
formed of the prismatic colours, collected at the focus of a lens, 
according to the process indicated above, Newton arrived at an 
empirical rule, by means of which we are enabled to calculate 
beforehand the kind of colour that will result from a mixture of 
simple rays, when the kinds and proportions are given. 

With the centre C, and a radius equal to unity, describe a Fig. 112. 
circle, and divide its circumference into seven parts proportional 
to the numbers i, tV? tV? h tV? tV? i 5 s® ^^at when these parts 
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Let us now consider these different arcs in the order in which 
they follow each other, as representing the seven principal col- 
ours of simple light, which compose the spectrum ; so that the 
entire circumference will represent the whole series of shades 
through which this light passes, from the first rays of red to the 
last of violet. Then, having determined the centres of gravity 
r, 0, y, g, 6, t, V, of all these successive arcs, suppose in each of 
them a weight proportional to the corresponding arc ; and con- 
ceive these weights to be so many forces tending to draw to 
themselves the centre C, and the eye supposed to be placed 
there. According to this supposition, it is evident that the eye 
will remain at rest, being placed at the centre of gravity of all 
the weights ; and this rest will correspond to the perfect white 
produced by the simultaneous sensation of all the shades of sim* 
pic light, when they are mixed together according to the pro- 
portions in which the}' exist naturally in the spectrum. But 
suppose these proportions changed, as they always are in a col- 
oured mixture which differs from white ; then it will be neces* 
sary to place in each partial centre of gravity, not the total 
weight of the corresponding arc, but the half or third, or genei^ 
ally the n part of this weight, according as the given mixture 
contains the half, the third, or generally the nth part of all the 
light which composes this colour in the spectrum. This being 
done, if we find the common centre of gravity of all the partial 

» II- ■ . ■ ■ III , , I . 111! I I I I ■■ I ■■ . 

* This division requires only the simple rule of fellowship. Af 
the sum of all the fractions is to S60^, so is one of the fractions to 
the arc which corresponds to it. The sum of the fractions if 
? 4~ ^7 ~h A ^'' tVt* If} f^i* example, we would find the arc cot* 

responding to yV, its value will be ^^^^ ? or 54® 41' 1". 
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weights, it will, in general, no longer coincide with the centre of 
the circle. While it does coincide, the colour of the mixture 
will still be white ; but when, on the contrary, it approaches 
considerably one of the partial centres, (he mixture will present, 
as the predominant colour, that which belongs to this centre. 
Finally, wherever it falls, as in Gr^, for example, we have only 
to draw from the centre to this point the line C& ; then the 
direction of this line will indicate the predominant colour of the 
mixture, and its length, or the distance from the point G' to the 
centre C, will indicate its vividness. If, for example, C& is 
•ituated exactly midway between CY and CO, the compound 
colour will be the most perfect yellow ; but if C& approaches 
more to CG or CY, this yellow will incline more to the orange 
or the green. On the first supposition, if the point & falls very 
near the circumference, the colour will be strong and vivid in 
the highest degree ; if it falls half way between the circumfer- 
ence and the centre, the intensity of the colour will be diminish- 
ed one half, and it will be that of a mixture of the liveliest yeU 
low with an equal quantity of white. In general, if we represent 
the distance C& by A, the radius of the circle being 1, 1 — A 
will express very nearly the proportion of white which it will be 
necessary to employ, in order to imitate to the eye the colour 
in question ; this white being mixed with the proportion A, of the 
single colour towards which C& is directed. In this manner» 
then, the nature and intensity of the colour are ascertained. It \a^ 
proper, however, to remark, that if the point & falls upon the 
line C/2, or very near this line, the red and violet being then the 
principal elements of the compound colour, it will no longer cor- 
respond to any of the prismatic colours, but will be a purple, 
inclining to the red or violet, according as the pomt G' varies 
from the line CJR, towards the one or the other of these colours ; 
and in these two cases, the purple or mixed violet, will be more 
dazzling and brilliant than the simple violet. In general, we ob- 
serve the greatest analogy between the effects of the violet and 
the red ; so much so that we can form with blue and red, mixtures 
which produce on the eye the sensation of a fine violet ; and it 
is probably this kind of return of tints upon themselves, perfectly 
analogous to the consonance of octaves, which led Newton to 
compare, as he has frequently done, the impressions produced by 
the different colours to those produced by the musical intervals* 
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1 70. According to the extent assigned by this rule to the arcs 
which represent the seven principal shades of the spectrum, 
there are no two whose centres of gravity are diametrically op- 
posite to each other. Accordingly, in whatever proportion two 
colours are mixed, their common centre of gravity can never fall 
upon the centre of the circle ; and, therefore, we infer that they 
can npver form a perfect white, but only a pale lint, nearly ap- 
proaching to white. This inference is confirmed by experiment. 
" For," says Newton, " I. have never yet been able to obtain a 
pure white, from mixing only two primitive colours. I do not 
know that it can be done even with three colours. But these 
are points of curiosity, which have little or nothing to do with 
the understanding of natural phenomena ; for, in all natural 
whites, there is ordinarily a mixture of all the primitive colours, 
and consequently these whites are compositions of all these col- 
ours, which circumstance confirms the propriety of the mode of 
composition just described." 

171. We may make use of this rule of Newton, to produce 
the sensation of white by a rapid succession of the difierent col- 
ours. We have only to divide a pasteboard circle according to 
the proportions above indicated, paint the several divisions with 
the purest colours that can be obtained, and then turn it rapidly 
about its centre. But as the colours thus employed are never sim- 
ple, we must not expect to obtain by this process a perfect white. 



Injluence of t]ie Unequal Refrangibllify of Rays of Light upon Vision 

through Refracting Surfaces. 

172. From the time that the phenomenon of dispersion pre- 
sented itself in our experiments on refraction, we have foreseen 
the general effects which it must have upon vision through tri- 
angular prisms. The knowledge we have now acquired of the 
individual properties of simple rays, and the constancy of their 
colorific powers, affords a full confirmation of what was thus in- 
dicated, and enables us to state it with more precision. 

When an infinitely small luminous point is seen by refractioa 
through a triangular prism, each kind of simple rays which pro- 
ceeds from this point gives an image tinged with its peculiar 
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colour. The unequal refrangibility of the rays of different kinds 
causes- the images to appear separate and placed by the side of 
each other in the order which their colours take in the spec- 
trum, those formed of the most refrangible rays being most de- 
flected. But, if instead of a single radiating point, infinitely small] 
we look at several points placed by the side of each other, each 
of them wiH be found to produce a similar spectrum ; but these 
spectrums admit, to a certain extent, of being placed one upon 
the other, in such a manner as to produce white in the place 
where they unite. This usually happens when we thus look at 
objects of a sensible magnitude. If the surface of the objects 
is white and equally luminous, the interior portions of the re- 
fracted image appear white, and the colouring of the image is 
perceptible only at the extremities, in the general direction of 
the refraction. 

Newton states a fact, that is easily observed, which, at first 
sight, seems to be inconsistent with this theory, but is in reality a 
consequence of it. Having placed horizontally, before an open Fig. lis. 
window, the base of a prism ABCj bring the eye to O so as to 
receive the light of the sky reflected inward from its base. 
Then, when the reflected rays form with this base an angle of 
about 50°, there will be seen an arc of a blue colour of a certain 
width <SS', which will extend the whole length of the prism, 
upon turning its concavity towards the eye ; and the portion of 
the base £B, situated beyond this arc, will appear much more 
brilliant than the portion £^./?, which is on this side of it. 

In order to explain this singular phenomenon, let us conceive 
that the angle of reflection JVS/, which corresponds to the con- 
vex part of the arc, is the smallest angle at which total refiectioit 
commences for the red rays, which are the least refrangible ; they 
cannot then be wholly reflected under an incidence approaching: 
nearer to the normal SJ^» Let us suppose also that J^S^F i& 
the smallest angle of total reflection for the last violet rays; 
then from B to S there may be rays of all kinds which will un- 
dergo a total reflection and arrive afterward at the eye ; but on 
this side 5, the interior incidence becoming too near to the per- 
pendicular, none of the extreme red rays can be perceived; 
thus, as the point of interior incidence approaches A, the possi- 
bility of total reflection towards the eye will cease successively 
for the different rays, one after another, to 5% when this possi- 

Opt. 22 
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bilitj will cease, even for the last rays of the violet colour ; so 
that from S' to A total reflection will not take place for any of 
the rays. If we now examine these results, we shall see that 
from B to 5 the reflection will be vivid and brilliant, because it 
will be total, and will comprehend the rays of all the colours. 
From S to S' the total reflection will go on diminishing, and 
will be limited to the more refrangible rays, which mast 
produce a zone where the colours of these rays are predomi- 
nant ; finally, from S' through every other point nearer to the 
eye, the reflection will not be total for any of the rays. The 
eye will then receive from this space only the feeble portion of 
light which arises from radiant reflection ; it will of course ap- 
pear obscure in comparison with the intense brightness of BS. 
The limits of all these phenomena may be fixed by the aid of 
the Calculus.* 

We see, also, that the remainder of the rays which fall on 
the space SS\ passing out below the prism, must produce, after 
emergence, an arc in which the red rays are predominant, 
155. ygpy nearly, as in the experiment of Newton, already mentioned. 
173. This theory furnishes also an explanation of the phenom- 
ena of the rainbow, and enables us to calculate these phenomena. 
It is well known, that this meteor presents one, and sometimes two 
arcs, tinged with all the colours of the spectrum. It is never 
produced, except when there is a fall of rain accompanied with 
sunshine ; but the union of these two circumstances is not sufii- 
cient of themselves to cause this appearance ; we require also 
a particular position of the cloud, of the observer, and of the sun, 
which must always be directly opposite to the centre of the bow. 
These circumstances long since led to the belief that the rainbow 
was produced by the refraction of light in the drops of rain ; 
indeed a similar appearance is exhibited in that kind of artificial 
rain which is caused by jets and cacades, especially when agi- 
tated by the wind. In order to conceive in what manner the 
light is capable of being thus dispersed by refraction, let us sup- 
Fig. 114. pose a single ray of light S/, infinitely small, coming from the 
sun, to fall upon a single spherical globule of water, and let us 
follow the course of this ray. It will first undergo a refraction 
at /, which will direct it to F^ where part of the ray will be a 
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second time refracted, and will emerge into the air in the direc-^ 
tion P-R^ but the rest of the ray will be reflected into the interior 
of the globule toward P', where a similar efiect will be produced, 
that is, a part of the ray will emerge into the air, while the other 
portion will be again reflected inward to F^\ at which point the 
same division will take place, and so on indefinitely. This expla- 
nation may be verified by introducing a small solar ray into a dark 
room by means of a heliostat, and directing it through a glass 
cylinder filled with water. The course of the ray in the interior 
of the water will become visible by the partial reflection of light, 
occasioned by the particles of the water, and the successive 
emergences will also become sensible by placing the eye, or 
unpolished glass in the direction of the emergent rays. In this 
manner it will be seen that the rays are dii^ersed, present- 
ing the series of prismatic colours ; their intensity is diminished 
according as they have undergone a greater number of divisions, 
and at last the ray will become so feeble as to be insensible. ,.- 

174. The phenomenon of the rainbow is caused by coloured 
spectrums, which emerge from the difierent drops of water after 
two refractions, separated by one or two intermediate reflections. 
Let us now inquire how the superposition of these partial spec- 
Crums produces the colours of the rainbow and determines its mag- 
fiitude. In order to do this in a simple manner, let us take one 
simple incident ray, as red, for example. If this ray, after being 
refracted in the globule, is reflected once or several times at the 
second surface, and then emerges into the air, it will make, after 
emerging, a certain angle, with its primitive direction. This angle 
will be constant for all the rays of the same nature, which enter 
the globule under the same incidence ; but it will vary with the 
incidence. In order to comprehend these variations, let us first 
consider the case in which the ray sufiers only one interior 
xeflection before emerging. Then, if we calculate numerically Fig. 115 
the quantity of deviation for several incident parallel rays on 
the surface of the globule, the deviation at first is nothing, when 
the incidence, being perpendicular, the ray passes through the 
centre of the globule ; then, the deviation gradually increases 
imtil the angle of incidence has reached a certain limit, which is 
about 64^i for the red rays. Accordingly, a small parallel beam 
^f these rays entering the globule at /, under this incidence, 
and being reflected once at the bottom, emerges also a par- 
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allcl Vcam at /'^ although the general direction of the ray will 
have deviated 42'^. But for greater incidences the deviation 
diminishes as it before increased, and this diminution continues, 
to the last rays, which are tangents to the globule* Now, if wc 
intercept the rays at so great a distance from the globule that it 
may be considered as a point, it is evident, that all those 
which correspond to the unequal deviations, will depart more and 
more from each other, according as their distance from the glo- 
bule is increased, so that they will at last be too feeble to pro- 
duce the sensation of the globule in an eye placed in their direc- 
tion ; while the eye may be affected, and indeed is affected at 
any distance whatever, by the emerging rays which answer to 
the maximum of deviation, because, being parallel to each other 
they may pass to any distance without being separated. The 
eflect will even be so much the more vivid according as, the 
density bemg uniform at their incidence, they are compressed 
and condensed, as the calculus shows that they are when they 
emerge in the manner above stated* Let us then suppose that a 
number of such globules are arranged circularly in such a man- 
ner that the refracted rays which come from them, and which arc 
supposed to be of a uniform colour, shall arrive at the eye of the 
spectator. They will give the sensation of a luminous line ; and 
several such rows, placed side by side, will produce, on account 
of the sensible opening of the pupil, a coloured space which 
will be equal to it in width. 

The same remarks apply equally well where the reflections 
and refractions arc more numerous. There is, in every case, 
a certain limit of incidence, at which ihe rays coming from the 
same beam and emerging near to each other, will leave the glo- 
bule sensibly parallel, so that they may be transmitted to a great 
distance without becoming less vivid. 

175. In order then to dcvelope the consequences of what we 
have now established, we will suppose a person, placed at O, to 
'ig. 116. look at a vast cloud, consisting of a multitude of spherical glo- 
bules of water. Through the eye of this observer we draw the 
line SOC to the centre of the sun, to designate the direction of 
the incident rays, which we will first suppose to be parallel, or, 
which amounts to the same thing, to proceed from a point at an 
infinite distance. This being done, there will take place at the 
fir«t .surface of the globules, a partial reflection of all the colours 
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composing the radiant light, which will impart a whitish tinge 
more or less deep, to the whole extent of the cloud. Besides 
this, if the cloud is sufficiently extended, two concentric arcs will 
be seen, tinged with all the colours of the spectrum. For if, 
through the eye at O, we draw the l^ie OV^ forming with OC 
an angle of 40*^ 17', and cause it to revolve round OC^ de- 
scribing a conic surface, all the globules in the prolongation of 
this surface will be exactly in the situation necessary, in order 
that the most refrangible violet rays, which have undergone two 
refractions and one intermediate reflection, may emerge parallel 
and arrive at the eye in O, and this will not take place in the 
same manner on any other part of the cloud ; so that by means 
of this species of rays, the spectator will see on the cloud a vio- 
let coloured arc, of which OC will be the axis, and C the 
centre. He will, moreover, behold an infinity of other concen- 
tric arcs exterior to the above, each of which will be formed of 
a single species of rays ; and, according as these rays are less 
refrangible, their arcs will have a greater diameter, so that the 
largest, composed of extreme red, ^vill subtend an angle ROC of 
420 g/^ Thus the whole width of the coloured bow will be 
420 ^ — 40O 17', or P 45'. The red will be on the outside 
and the violet within. 

The contrary order will be observed in the case of two reflec- 
tions. If we draw through the eye, the lines 0/i', OV'^ making 
with OC angles of 50° 59', feind bAP y, and with these respective 
inclinations cause them both to turn round OC^ as an axis, the 
first will meet with all the globules, which, after having twice 
refracted and twice reflected the extreme red rays, can transmit 
them to the eye parallel to each other. The second will give 
the corresponding limit for the extreme violet rays. Between 
these two arcs there will be others tinged with all the intermediate 
prismatic colours. The whole taken together will form another 
bow, which will have for its width 54° 9' — 50° 59', or 3° 10'. 
This bow will have its colours disposed in the inverse order of 
those of the first, that is, the red will be on the inside, and the 
Tiolet without. The distance of the two red arcs will be 
50O 59/ _ 420 2/^ or 8° 57'. 

176. Such, therefore, would be the dimensions and distance of 
the rainbows, if the sun were but a point. But the sun has a 
sensible apparent diameter, which may be supposed, at a mean^ 
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to be about 30^ Hence, if we consider the arcs we have deter* 
mined, as produced by rays coming from the centre of his disc, 
the rays which come from the borders and from the interior, 
will form so many similar arcs of the same size, but which will 
have each for its axis the line drawn from the observer's eye to 
the point on the disc of the sun from which they emanate. 

Consequently, if we describe from the point C the circumfer- 
ence of a circle OO^C"\ equal to the apparent diameter of the 
sun, as seen from the point O, there will not only be formed 
around the centre of this circle an interior violet arc at the dis- 
tance of 40^ \T ; but there will also be as many of these arcs 
as there arc points in the circle 0C"0'\ which are capable of 
becoming centres in their turn ; that is, there will be formed a 
circular violet arc of a width equal to the apparent diameter of 
of the sun, and which will have its interior radius equal to 
40© \r — ly, or 40^ 2', and its exterior 40^ W + 15% or 
40^ 32^. In like manner, the red arc which we found to be 
42© 2' from OC^ will become a red bow, whose exterior border 
will have for its radius 41^ 47', and its exterior border 42^ 17'; 
thus the whole width of the rainbow, comprised between these 
two extremes, will be 42^ 17' — 40^ 2', or 2° 15', greater by 
30' than if the sun had been only a point. In like manner, the 
width of the exterior iris, which we have fixed at 3'^ 10', will 
become 3^40'; its interior semidiaracler which was 50^ 69', will 
become bO^ 44', and the exterior, which was 54° 9', will become 
54° 24'. Finally, the distance between the two bows which was 
found to be 8° 57', will be reduced to 8° 27'. But, owing to the 
width and the superposition of the partial arcs which compose 
them, the colours will be much less distinct than in the former 
case. Still these dimensions, determined by calculation, are 
exactly conformable to those furnished by observation, at least 
when the colours are the most vivid and the most strongly mark- 
ed. For Newton, having on a certain day measured a rainbow, 
by means of instruments which he then possessed, found that the 
exterior semidiameter of the interior iris was about 42^, and 
that the red, the yellow, and the green, of this bow, taken to- 
gether, were about 63' or 64', besides three or four minutes that 
may be added on account of the exterior red rays which were 
enfeebled and obscured by the brightness of the neighbouring 
cloud?. The width of the blue was about 40', at the least, with- 
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out reckoning the violet, which was so obscured by the light 
from the clouds, that its width could not be measured. But upon 
the supposition that. the width of the blue and violet, taken 
together, was equal to that of the red, yellow, and green, united, 
the whole width of the interior iris would be about 9P 15', as above 
stated. The smallest distance between the two bows was 8^ SO'. 
The width of the exterior iris was greater than that of the inte- 
rior ; but its hues were so feeble, especially on the blue side, 
that it could not be measured with accuracy. On another occa- 
sion, when the two bows were distinct, Newton found that the 
width of the interior iris was 2° ICK, and that, in the exterior, 
the width of the red, yellow, and green, was to that of the same 
colours in the interior, as 3 to 2. 

177. In that part of Newton^s optics where this admirable 
theory is unfolded, the first idea of the explanation of the rain- 
bow is attributed to Antonio de Dominis, archbishop of Spala- 
tro, who, he remarks, confirmed it by observations made upon 
a glass ball, filled with water, and placed in different situations 
with respect to the sun and the eye of the observer. Newton 
adds, that Descartes corrected the observations of the exterior 
rainbow. But he had probably never read the work of De 
Dominis, for if he had, he would have perceived that this pre* 
late had formed a vague notion that the rainbow might be the 
effect of refraction in the drops of water, without attempting to 
tionfirm this idea by the experiments of which Newton speaks ; 
and his mode of explaining the formation of the meteor is without 
reference to the true theory. The experiments really belong to 
Descartes, and to Descartes alone. This philosopher did every 
thing that could be done, at a time when the unequal refrangi- 
bility of light was unknown. He determined, by numerical cal- 
culation, the course of the rays which enter the drop of water, 
and emerge thence after one or more reflections. By this calcula- 
tion, he discovered that of all the rays that enter the drop, those 
only which fail upon it at a certain inclination can come to the 
spectator without diverging from one another, and being conse- 
quently enfeebled. He thus ascertained the true circumstances 
that are necessary to the existence of the rainbow, and he 
proved by experiment, that they were conformable to actual 
observation. It only remained to assign the cause of the col- 
ours. Descartes, unacquainted with this cause, reduced it to 
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another more simple case, that of the decomposition of light by 
the prism 5 and he proved that the part of the drop of water in 
which the light is refracted, must disperse this light, in the same 
manner as a prism of water, with plain faces, whose angle of 
refraction is equal to that formed between two planes tangent to 
the points of the drop where the rays enter arid emerge. He 
confirmed this theory by a very circumstanstial experiment, 
which is given in the Traiti de Physique* 

178. Besides the rainbow, other meteors are frequently ob- 
served in the atmosphere, as the large whitish circles or haloes, 
that are seen to surround the sun and moon, commonly at the 
distance of 45^, and parhelia and paraselenes, false suns and 
false moons, attended with other remarkable appearances. A 
particular description of these phenomena, with the hypothetical 
explanation of Huygens, may be found in the Traiti de Physique* 
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1 79. When two or more prisms are so constituted and dispos- 
ed as to render colourless the images of objects seen through 
them, the combination is called achromatic. If these prisms 
were all of the same substance, the opposite refractions would 
balance each other, when their angles were equal and their 
directions contrary, so that they would together form a plate with 
parallel faces. Rays traversing such a system of prisms would 
continue on in their primitive direction. But if substances could 
be found capable of producing equal dispersions, with unequal re- 
fractions, a system of prisms might be formed which would give 
images of objects free from colour, the rays being deflected at the 
same time. Accordingly, by transferring this principle of compen- 
sation to the curved prisms which form the borders of spherical 
lenses, we might obtain compound object-glasses, which, with a 
limited focal distance, would produce colourless images of ob- 
jects ; and we might employ them in the construction of tele- 
scopes incomparably superior to those provided with single object- 
glasses. Are there then in nature substances which thus com- 
pensate each other ? If not, can their place be supplied by an 
approximate compensation ? And in this event, upon what prin- 
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ciplcs is ihis approximation to be established 1 How can it be 
produced with given substances ? Is it more easily produced by 
some substances than by others? These are the questions which 
the subject presents for our examination. ' 

180. Accordingly, let us first consider a perfectly homogene- Fig. 117. 
ous ray S/, which, after traversing a certain number of prisms, 
of whatever S4jibstance and angles, arrives at last at the eye of 
the observer situated in O. From this point let us draw a line 
OS to the object from which the ray proceeds, and which, for 
greater simplicity, is supposed to be removed to an infinite dis- 
tance, so that the line OS may be considered parallel to SL It 
is evident, that if this direction is given, together with the jx)si- 
tions of the prisms, their substance, their angles, and the place 
of the observer, the angle of deviation /?0S, comprehended at 
the eye between the primitive direction OS and the emergent ray 
OR^ may be determined by calculation. Let us suppose now, 
that the ray, instead of being simple, is compound, like the 
>vhite ray. Then, after traversing the system of prisms, it 
would be dispersed into an infinity of different rays, having dif- 
ferent directions vv% o&^r r'^ from the violet to the red; so that Fig. iis 
the observer, placed in the direction of one of these rays, would 
perceive only that single ray. But if we conceive an infinite 
number of white pencils of rays, all proceeding from the same 
point, to arrive together at the first surface of the prism, the ob- 
server, stationed at O, would receive all these different species of 
simple rays, through different points of emergence ; which will 
be found by drawing from O the lines 0R\ 00'^ 0V\ respective- 
ly parallel to the lines rr'^ocf^ tn?^ and terminating in the same 
manner upon the surface of the last prism ; for these rays, being 
turned back through the successive prisms, each with the proper 
degree of refraction, will emerge in a direction parallel to the 
incident rays, and consequently, will make a part of the inci- 
dent light. Then, in order to take from the observer the 
sensation of these separate rays, we have only to dispose the 
system of prisms in such a manner, that the rays shall all emerge 
parallel to each other; for then the angles OOV'^ O'OR'^ &c., 
with which they cross each other at the eye, becoming nothing, 
the points of incidence F', 0, 12', will coincide, and the pencil 
will consequently enter the eye free from colour. 
Opt. 23 
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181. From this analysis it will be perceived, that the rigorou& 
determination of the achromatic effect involves for each ray a 
particular condition which must be satisfied by the system of 
prisms. Hence ii follows, that as there is an infinite number of 
rays of unequal refrangibility, so there are, strictly speaking, an 
infinite number of conditions which cannot all be fulfilled, be* 
cause the number of prisms must necessarily be limited. The 
problem does not therefore admit of a rigorous solution. But a 
solution will be obtained with sufficient accuracy, if instead of 
attempting to render all the different rays parallel, we only ren- 
der a few of them parallel to each other, which may easily be 
accomplished by a small number of prisms. Indeed, if we bring 
together in this manner the two extreme rays, the violet and the 
red, or two extreme rays and one mean, as the red, the violet, and 
the green, the removal of colour for the intermediate rays will 
manifestly be so far accomplished, that no sensible efiect will be 
produced upon the eye. 

This is in fact the course to be pursued ; and it will be easily 
perceived that two rays may be united by two prisms, and In 
general, as many rays as there are prisms employed. If but 
two prisms are employed, they should be joined bnse to vertex, 
as in figure 119, so that their refractions may be in opposite 
directions ; indeed, if the two prisms arc of the same substance, we 
have seen, that in order mutually to compensate each other, they 
should be placed in this position with e(|iial refracting angles- 

182. But when the substances are not of the same natiri'e* 
how are we to determine the ratios of the angles of refraction with 
which a compensation must take pi icc ? We can manifestly ap- 
proximate to this determination, by considering the magnitude 
of the spectrum fun»ishcd by prisms of these two substances form- 
ed with equal aiiglrs. We can then effect the proposed object still 
more nearly by gradually diminishing the power of that which 
causes the greater degree of dispersion, and which, when the two 
prisms are combined, colours the image in the direction of its own 
dispersive power. When the compensation is thus in part effect- 
ed, we can easily discover the best of all possible compensations 
by the following process, which was applied, in a great number 
of instances, with entire success, by M. Cauchoix and myself. 

^ At the extremity of a good achromatic telescope, and parallel 
5« WO. to its axis, are placed two metallic rods T, T, diametrically oppo- 
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«ite. These are pierced transversely with two holes j3, j3, through 
which pass the axes of two copper frames C, C, that turn freely 
round the straight lines Jl^ A^ and perpendicular to the axis of 
the telescope, the motion being measured by graduated circles. 
To these frames are attached the two prisms that are to be com- 
pensated, and the apparatus will then be disposed, as repre- 
sented in the figure. In order that the experiment may succeed 
completely, the angles of the prism must be such that when 
they are turned in opposite directions, they will nearly form 
an achromatic system ; this can be accomplished by repeat- 
ed trials, as mentioned above. It has been already shown, 
that the dispersion does not depend simply on the angular open- 
ing and chemical nature of the substance ; it varies also with 
the incidence of the rays ; and this incidence enters as an ele- 
ment into the analytical conditions to be fulfilled, in order that 
the rays of different kinds may be parallel after their emergence. 
We cbn avail ourselves of this variation, in seeking, by experi- 
ment the precise situation in which the compensation is most 
perfect. Accordingly, let us suppose, that the telescope and the 
two prisms are so disposed, that a white object at a great dis- 
tance may be seen through the system. If the image of this 
object is found to be equally white throughout, the prisms are 
properly placed ; and this is the position which renders the 
achromatic effect complete ; but it is not to be expected that a 
colourless image will be obtained on the first trial. A very sen- 
sible colour almost always presents itself after the refracting 
angles of the prisms are opposed to each other. Then we 
turn slowly one of the prisms in the direction necessary to 
diminish the colour. If a motion of one of the prisms is not 
sufficient, both must be moved successively, and thus we shall 
at length find the position in which the compensation is the 
most perfect. . The prisms are to be fixed in this position, 
and it will only be necessary to measure the angles they make 
with each other, and with the rays that traverse them. Hence 
the design of the graduated circles that serve to measure the 
angles passed over by the frames. There are some precau- 
tions to be used for determining the precise point of each divis- 
ion which renders the frames perpendicular, respectively, to the 
axis of the telescope, and also for arranging the prisms in such a 
manner, that their refracting angles shall be exactly compre- 



t80 Analysis ofLif^U 

bended in the same plane. In the experiments made by M. 
Cauchoix and myself, the object selected as a mark, was a strip 
of white paper pasted to a sheet of black pasteboard ; its width 
was about four inches, and its length about three and a half feet. 
We fixed the pasteboard in a vertical position, at a dtetance of 
about twenty rods, so as to present the longer sides of the piece 
of paper in a horizontal direction ; and we placed the prisms in 
such a manner, that the planes of their refracting angles, in 
which the dispersion took place, should be vertical, which was 
effected by directing them towards the edge of some edifice or 
tower at a distance, turning them on their frames, till they ceased 
to exhibit any lateral deviation. When a proper position was 
found, they were made fast, and the foot of the telescope was 
also secured by a screw, preventing any horizontal motion. 
These preparations are of great importance in facilitating the 
achromatic process. For, when the image of the object is 
held in the telescope, it cannot be displaced, except in a vertt 
cal direction. Hence, while, by gently turning the prism with 
one hand for the purpose of destroying the colour, the image is 
displaced, it may easily be brought back by raising or depress- 
ing the telescope with the other. If the refracting angles are 
so disproportionate that the effect of colour cannot be corrected 
by a mere change of incidence, it will be easily perceived ; for, 
if we suppose, for example, that the second prism is too pow- 
erful, and that the vertex of its refracting angle is directed 
towards the earth, then this prism, if it acts alone upon the 
light, will give a coloured im?.ge of the object, in which the 
red rays, being least refrangible, will appear highest, and the 
violet rays, which are most refrangible, lowest. Consequently, 
if the imige of the object, seen through the two prisms, pre- 
sents constantly this arrangement of the colours, in every variety 
of situation, it is a certain proof that the dispersion of the first 
prism, which acts in a direction contrary to the other, can never 
be sufficient to compensate it, much less to exceed it. It follows 
therefore, that the diminution of colour that can be produced 
by this system, is far from the greatest possible. In such cases 
it will be necessary to diminish somewhat the refracting an- 
gle of the second prism, which has thus been found to be 
too great, and then to replace it. If it has been sufficiently 
diminished, upon moving the two prisms alternately, we shall 
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obtain images of the object in which the red fringes are turned 
upwards, and other images in which they are turned downwards. 
In the first case, the posterior prism prevails, in the last, the 
anterior. Between these two opposite states there will be found 
one or more situations, in which the colours of the liordcrs of the 
image will be the least possible. Such combinations afford the 
most favourable compensations. We preserve that combination 
which seems best, that is, which gives the shortest and espe- 
cially the dullest fringes. 1 he prism and the telescope arc then 
made fast in their places by means of screws. Special care should 
be taken to avoid the red and yellow fringes ; for these two coU 
ours being brighter than the others, have a much more sensible 
effect when these results are applied to the construction of tele- 
scopes, for which they are principally designed. For a contrary 
reason, we should give the preference to those positions which 
produce fringes of obscure and deep colours, those, for example, 
of a brick red, or of a greenish blue ; for these colours being less 
Tivid, their effect will be less conspicuous in telescopes, and it 
will be altogether insensible in observations made at night. 

183. Having found the most favourable disposition, we observe 
the positions of the two prisms by means of the graduated cir- 
cles; from these we deduce the angles of incidence and emer- 
gence of the mean rays, and these elements, introduced into 
formulas, determine the ratios of the refracting angles under 
which the compensation of the two prisms will be effected, 
when placed upon each other, and exposed perpendicularly to 
the luminous rays. In our first experiments upon dispersion, 
we remarked that each prism had a certain position in which 
ihe refracted image becomes stationary ; and that before and 
after this limit, the refraction and dispersion increase simulta- 
neously. Hence in experiments upon this subject we ought to 
find for each prism several positions, in which the same effect is 
produced upon the image transmitted. This is indeed the case. 
But upon calculating the course of the rays, for all the various 
positions, on the supposition of a constant ratio of refraction for 
the different angles of incidence, we arrive finally at the same 
ratio of compensation, and that too with surprising accuracy, 
as may be seen in the Traite de Physique, This agreement is 
a very delicate and certain proof of the constancy of the ratio of 
refraction for each simply ray. 
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184. Whatever care we use in these experiments, if we em- 
ploy a telescope which magnifies fifty or sixty times, and prisms 
whose refracting angle is at least fifteen degrees, conditions 
which are necessary in order to render the coloured fringes sen- 
sible, it will soon be perceived that an entire removal of colour 
is altogether impossible, except in the single case in which the 
two prisms are composed of one and the same substance. For, 
when the prisms have those refracting angles that are very 
near the proportion, which produces the best achromatic cfiect, 
each colour may be made to pass successively from one side of 
the image to the other without an intermediate position being 
found in which the coloured fringes disappear entirely. From 
this impossibility we infer with the utmost certainty, that the dis- 
persion of the rays does not by any means take place according 
to the same laws in substances, which differ in their chemical com- 
position ; we infer also, that when two homogeneous rays, of what- 
ever kind, have been refracted in such a manner as to be parallel 
at their emergence from the two prisms, the homogeneous rays 
of diflTerent species will be inclined to each other, and will form 
fringes on the borders of the object. Hence it is evident, that in 
order to obtain more perfect compensations, more than two prisms 
must be employed. Three are used in some achromatic teles- 
copes ; a greater number would diminish the light too much by 
their successive reflections ; besides, when the achromatic efiect 
of these instruments is determined with care, by the methods 
already pointed out, their imperfections are no longer the conse- 
quence of unequal rcfrangibility in the rays of light, but of the 
diffusion of the foci, in which spherical lenses, having any sensi- 
ble aperture, concentrate the several incident pencils, which 
cover their whole surface. 

Ift5. Finally, the absolute quantity of dispersion, measured 
between two determinate colours, .is as variable as the law itself, 
according to which the different rays arrange themselves in each 
spectrum. This is plainly indicated in the above process, by the 
varieties of coloured fringes obtained when two differeiit sub- 
stances are compensated by each other. 

If substances are compared together, which have very unequal 
refracting powers, the dispersive powers will, in general, be 
found to be so likewise, and in the same direction, the most 
refractive substances being the most dispersive. For example, 
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the oxide of lead introduced into the composition of glass, aug- 
ments to a considerable degree, its dispersive power ; it aug- 
ments likewise its refractive power, although in a smaller pro- 
portion. Of all the substances which were tried by M. Cauchoix 
and myself, the liquid known. in chemistry under the name of 
sulphuret of carbon, appeared to have the greatest dispersive 
power. The dispersion produced by it was ten times that of 
water, under similar circumstances; the refractive powers of 
sulphur, and of solid carbon are also very considerable. Still this 
correspondence between the increments of refraction and disper- 
sion is very far from bring general, especially when the ratios of 
refraction differ but little. The essential oils of citron and tur- 
pentine, muriatic acid, pure or saturated with ammonio-muiiate 
of mercury, disperse more than crown glass, but refract less, as 
has been well ascertained. The sanie is true in a number of 
other instances ; so that the relation of the dispersive forces of 
bodies to their chemical composition, is even more diflScult to be 
foreseen than that of the refractive forces. 
- John Dollond, a celebrated English optician, was the first 
who proved, by experiment, the error of Newton, respecting the 
possibility of obtaining an achromatic compensation, preserv- 
ing at the same time an excess of refraction. Euler suppos- 
ed this to be possible, because it was realized, at least very 
nearly, in the construciion of the eye, which is achromatic when 
well adjusted, and sensibly unites all the refracted rays in the 
image upon the retina, and paints the objects in their proper col- 
ours, as may be seen by taking the eye of an animal recently 
killed, and removing the outer coating from the back part, and 
examining the images formed there. But this remark, upon an 
organ thus composed, was not sufficient to develope the true prin- 
ciples upon which the compensation is founded. Euler proposed 
several hypothetical laws, which might produce this effect. It was 
in trying these laws that Dollond was lead to repeat some of the 
experiments of Newton, upon compensation by prisms of different 
refracting substances ; and being led by chance, or a happy con- 
jecture, to try some of a nature very different from each other, like 
crown glass and flint glass, he discovered that the refraction pro- 
duced by crown glass remained predominant, when the angles 
of the prisms were such that the compensation was sensibly com- 
plete. By preserving the same relation between the prismatic 
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borders of concave and convex lenses, made of these two sub- 
stances, Dollond obtained achromatic object-glasses, which en- 
abled him greatly to enlarge the apertures hitherto employed. 
Although great use has been made of this discovery, but little 
pains have been taken to perfect it, and opticians are still com- 
pelled to use the rules of compensation given by Dollond, even 
in instances where they are no longer applicable; and when 
under the necessity of deviating from them, on account of great 
difference in the substances, they have resorted to expensive and 
imperfect trials. These are the considerations which led M. 
Cauchoix and myself to seek an exact process, such as has here 
been given. 



Of the Dispersion which accompanies Extraordinary Refraction^ and 
the Separation of the Axes of Double Refraction with respect to tht 
different Simple Rays* 

186. It has been mentioned, that in crystals endued with dou- 
ble refraction, the extraordinary image is generally coloured, a.s 
well as the ordinary. This phenomenon, therefore, proves that, 3.t 
equal incidences, the extraordinary velocities are unequal for tb^ 
different simple rays, as analogy alone would indicate ; but J^ 
may be easily shown that the mode of dispersion resulting froOi 
it must generally be more complicated than that for images 
where the velocity'' is constant. Indeed, confining ourselves, fc»r 
the sake of simplicity, to crystals of one axis, if we call the orcli*' 
nary velocity r, and the angle formed by the extraordinary T?9.y 
with the single axis U ; we have seen that the extraordinary 
velocity v', is given by the formula, 

v'^ = i?2 -|- A; sin ^ J7, 

in which k is a constant coefficient peculiar to each crystal, an^ 
which is positive in some and negative in others. Now, expert-' 
ments show, that generally the values of this coefficient are sefJ" 
sibly different for the different simple rays, and increase witl^ 
the refrangibility. Their variations, or rather those of the prc^"^ 
duct k sin ^ [/, which result from them, combine therefore wilf^ 
those of the square of the ordinary velocity to form «', and a^ 
the values of v increase also with the refrangibility of the rays < 
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it is maDifest that if k is positive, as is the case in attractive crys- 
tals, the two causes of variation conspire in the extraordinary 
velocity ; while on the contrary, if k is negative, as it in fact is in 
repulsive crystals, they counteract each other. In this last case, 
therefore, it is possible that they may nearly or entirely destroy 
each other; and then the extraordinary image may be sensibly 
white, although very powerfully refracted. Indeed, this sin- 
gular phenomenon, is exhibited in the rhomboids of Iceland spar, 
when the incident ray 5/, is directed towards the small solid Fig* ''fl^* 
angle B' ; because then the ordinary refraction tends to disperse 
the spectrum, by causing the most refrangible rays to approach 
the normal to the point of incidence; while the repulsive 
force, emanating from the axis IA% tends to disperse them in 
the opposite direction* Malus found that these .two opposite 
causes counterbalance each other when the incidence is about 
40^. Then the ordinary image only is dispersed ; and the ex- 
traordinary image, although strongly refracted, is sensibly white* 

187. It has likewise been remarked that, according to a very 
ingenious discovery made by the son of the celebrated Sir Wil- 
liam Herschel, the axes of double refraction in crystals, are not 
always the same for all kinds of simple rays, but have different 
positions, and different inclinations to each other, for these dif- 
ferent rays. This dispersion has as yet be^n observed only in 
crystals of two axes. Indeed, it is easy to see that it is not pos- 
sible in others, simply from the condition of symmetry of faces, 
which is necessary for the existence of a single axis. For the 
same reason, in crystals with dispersed axes, all the pairs of axe» 
are comprehended in the same plane, and have the same inter- 
mediate line common. But the direction of the dispersion is sub- 
ject to no rule. In some crystals, such as the sulphate of ba- 
rytes, the nitrate of potash, aragonite, sugar, and hyposulphate of 
strontian, the axes of the red rays are less inclined to each other 
than those which correspond to the violet rays. The reverse takes 
place in borax, Siberian mica, sulphate of magnesia, :\hite topaz, 
and tartrate of potash and soda. The phenomenon is particular- 
ly excessive in the last salt. According to Mr Herschel, the incli- 
nation of the axes in this, is 55° 14' for the violet rays, and 75° 
42' for the red rays, each being taken at the extremity of the 
spectrum. It is obvious that these differences as to position and 
angles must affect the course of the refracted rays, calculated 

Opt. 24 
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eye were funiished with a magDifier A^^ placed in such a mau- 
ner that the image/, 99,, may be a little within the principal focal 
distance; for there would result a se(;ond image f^ 9),, likewise 
inverted, but greater than/, go,* There will then be no need of 
a ground glass, which would. absorb a great portion of the light; 
for the particular foci, which united^ form the image /, 9),, will 
have with respect to the lens the same effect as so many radiant 
points, only much more luminous. Such is the manner in which 
the eye-glass A^ is disposed in the compound microscope. The 
two lenses are fixed in the ends of a tube, the parts of which 
slide in each other for the purpose of varying the interval which 
separates the glasses. 

191. Here, as in simple microscopes, the magnifying power is 
in the ratio of the absolute dimensions of the object Sx to those 
of the last image /, g>^. Hence, other things being the same, it 
magnifies objects the more according as the focal distances of the 
lenses are less. The focal distance Ji^F^ of the object-glass being 
diminished, the image /, 9?,, formed behind this glass, becomei 
greater at the same distance. By shortening the focal distance 
Jij^F^ of the eye-glass, the image /^ 9),, resulting from /, 90,, it 
enlarged, the distance of distinct vision being the same. The first 
kind of variation is limited by the difficulty of accurately con- 
structing very small lenses, the injurious effect of increasing the 
angles of incidence and emergence of the rays at the surfaces of 
these lenses, and lastly, the very small quantity of light which 
they are capable of receiving and transmitting. But the in- 
crease of power derived from contracting the eye-glass, is stiU 
more limited, on account of the necessity ot having it of con- 
siderable magnitude. Indeed, the surface of the object-glas« 
being small, the pencil of refracted light that comes from anj 
part of the object, is very minute ; so that when it is concetv 
tratcd in one of the points of the image /j 9> j, and radiates ane^ 
from this point, it will not cover the whole of the cye-gla^* 
j3j, but will fall upon only a small portion of it; hence, if itr^^ 
eye-glass is so contracted in its dimensions that the pencil fro ^^ 
a given point of the image shall not meet this glass, it will 
wholly lost to the eye. The field of view of the instrument, th 
is, the space embraced by the eye as it looks through the lens^^ 
that compose it, will be limited also by the last rays which me ^^ 
the extreme border of the eye-glass ; this is another reason wta- J^ 
it cannot be indefinitely diminished. 
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QO r^ys but those which come nearly in the direction of the axis, 
common to all the lenses, can be of use in vision. Hence, in 
order to insulate these rays completely, a number of transverse 
partitions with circular openings, called diaphragms^ are placed 
in the interior of the tube, being coloured black, in order to arrest 
by their opacity the rays which are loo oblique. 

In general, all instruments of this kind may properly be con- 
sidered as earners obscura^, or dark rooms, of small dimensions 
and a field of view of little extent. This last limitation is required 
in order to the enlargement to which it is to be subjected in the 
image ; for it would appear distorted if it were not reduced to 
very small dimensions. 

189. Each kind of instrument is appropriated to a particular 
purpose ; some are employed in examining very minute objects at 
a short distance by enlarging their image; these are called 
microscopes ; others are used in viewing distant objects, under a 
greater angle than they present when seen by the naked eye, 
they being seen with equal distinctness at the same time ; these 
are called telescopes. In both these kinds of instruments, the same 
principles are employed ; and they are adapted to their respect- 
ive objects by introducing some peculiarities in the construction. 
This will be seen as we proceed to examine successively those 
which are the most common and most useful. 



Compound Microscope. 

190. The object-glass of this instrument is a small lens A^ of Fig* 12 
a very short focus, before which are placed minute objects Ss, 
at a distance ./JjP or A, which exceeds very little the distance 
j4,F, of the principle focus. Behind this lens is formed an invert- 
ed image/, ?>,, at a distance ./JiP, or S, much greater than A ; 
and if the magnitude of 5r is expressed by /, that of /, ?),, will 

IS 
be expressed by — ; hence this image is likewise much greater 

than the object 5s. If this degree of magnifying power were 
sufficient, the image might be received upon ground glass, placed 
at/, 9^1, and viewed in this situation by the naked eye. But it 
IS evident, that the effect would be increased still more if the 
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eye were furnished with a magnifier A^^ placed in such a man- 
ner that the image/, 9e>,, may be a little within the principal focal 
distance; for there would result a se^rond image /, 9),, likewise 
inverted, but greater than/j9>,. There will then be no need of 
a ground glass, which would, absorb a great portion of the light; 
for the particular foci, which united, form the image /, 9),, will 
have with respect to the lens the same effect as so many radiant 
points, only much more luminous. Such is the manner in which 
the eye-glass A^ is disposed in the compound microscope. The 
two lenses are fixed in the ends of a tube, the parts of which 
slide in each other for the purpose of varying the interval which 
separates the glasses. 

191. Here, as in simple microscopes, the magnifying power is 
in the ratio of the absolute dimensions of the object 52 to those 
of the last ima^/, g)^. Hence, other things being the same, it 
magnifies objects the more according as the focal distances of the 
lenses are less. The focal distance .4, F, of the object-glass being 
diminished, the image /, ^'i, formed behind this glass, becomes 
greater at the same distance. By shortening the focal distance 
A^F^ of the eye-glass, the image /^ ^,, resulting from /, 9),, is 
enlarged, the distance of distinct vision being the same. The first 
kind of variation is limited by the difficulty of accurately con- 
structing very small lenses, the injurious effect of increasing the 
angles of incidence and emergence of the rays at the surfaces of 
these lenses, and lastly, the very small quantity of light which 
they are capable of receiving and transmitting. But the in- 
crease of power derived from contracting the eye-glass, is still 
more limited, on account of the necessity of having it of con- 
siderable magnitude. Indeed, the surface of the object-glass 
being small, the pencil of refracted light that comes from any 
part of the object, is very minute ; so that when it is concen- 
trated in one of the points of the image /j (p^^ and radiates anew 
from this point, it will not cover the whole of the eye-glass 
A^^ but will fall upon only a small portion of it; hence, if the 
eye-glass is so contracted in its dimensions that the pencil from 
a given point of the image shall not meet this glass, it will be 
wholly lost to the eye. The field of view of the instrument, that 
is, the space embraced by the eye as it looks through the lenses 
that compose it, will be limited also by the last rays which meet 
the extreme border of the eye-glass ; this is another reason why 
it cannot be indefinitely diminished. 
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193. From the smallness of the refracted pencils the field of 
view may be considered as limited by the pencils whose axes 
^i fi^'^i9i9 graze the borders of the glass. No notice need 
now be taken of the more oblique pencils, of which only a 
part falls upon the eye-glass, on account of the feebleness of the 
light; they are moreover excluded by a diaphragm, placed 
between the glasses, where the image /^ 9), is formed. Hence, if 
&fl,, X^,, represent the axes of the extreme pencils, the extent 
of the field of view will be equal to the angle 5^,x, or I^A^ t, ; 
it may then be easily calculated ; for if we call h the interval 
A^A^ between the two lenses, and z, the semidiameter I^^A^ of 
the second, half of this angle, ov I^A^A^^ will have for its trig- 

onometrical tangent the ratio — ; from this expression the angle 

may be obtained by the tables. In order that the eye may em- 
brace the whole of this extent, it must be placed at the point O 
of the axis, where are collected all the extreme emerging rays, 
and generally all the most minute pencils which proceed from 
the several points of the last image/, 9>,. Hence the distance of 
this image from the point O should be equal to the distance at 
which distinct vision takes place. Each observer can fulfil this 
condition by varying, according to the reach of his eye, the in- 
terval h between the two lenses, or the distance A of the object, 
which varies also the magnifying power and the extent of the 
field of view. The eye being thus placed at the proper point O, 
will perceive the whole of the field of view, and would perceive 
it even if the opening of the pupil were infinitely small. But 
when removed only a small distance from this point, it would 
scarcely receive any rays, except those iii the axis, and the field 
would vanish, were it not for the sensible opaning of the pupil, 
which enables the eye to take in the whole field when it is not 
situated exactly at the point O. 

193. By introducing the several particulars of this construc- 
tion into the general formulas which express the course of the 
rays of light through several spherical lenses, arranged on the 
axis, we obtain the exact measure of all the phenomena above 
indicated. But they may be obtained also by experiment. 

The extent of the field of view is determined immediately by 
tracing the limits of the space visible at a given distance A^P. 
The magnifying power requires certain details which we pror 
ceed to make known« 
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ig. 122. The body of a compound microscope generally consists of 
three tubes that slide within each other. The upper part 
G£, in which the eye glass is fixed, and which for this reason 
is called the eye piece, is fitted to slide firmly, in the tube FC; 
this in its turn slides firmly, by means of friction, in the lower 
tube B^,, in the bottom of which the object-glass is screwed. 
This being premised, the eye piece GE is taken out, and at DD 
a circular diaphragm is introduced, its diameter having been pre- 
viously measured ; then, replacing the eye-piece, it is made to 
slide down till the borders of the diaphragm are distinctly seen, 
which will then be found precisely at the point where the image 
of an object, formed by the object-glass, must be brought, in order 
to be distinctly seen through the eye-glass. The diaphragm DD 
is usually in the piece FC ; and the proper distance between the 
eye-glass and the diaphragm, for different eyes, is obtained by 
drawing out or pushing in the piece GE. 

Before the object-glass j^i there is a double circular ring of 
metal 55, in which are placed the objects which are to be ex- 
amined with the microscope ; or rather these objects are fixed 
on plates of glass or mica, which are made to slide between the 
rings. The instrument is mounted in such a manner that the 
rings 55 may be made to approach to, or recede from, the object 
lens, for the purpose of placing the object at a proper distance 
from this lens. Then, when the magnifying power is to be 
measured, instead of an object, a piece of glass is made to slide 
in the rings. On this glass are drawn, with a diamond, a num- 
ber of parallel lines, the distances of which from each other are 
accurately known ; let them be thousandths of an inch, for ex- 
ample. A glass thus divided is called a micrometer* When this 
is placed, the middle piece FC is let down to a certain fixed 
point. Then, without touching the eye-glass, the whole body 
of the microscope GFC is raised or lowered till the lines on the 
glass micrometer are distinctly seen. The image will thus 
be found to be exactly in the diaphragm JQD, since it is only i^ 
this situation that objects can be distinctly seen through the eye- 
glass. The divisions, contained in the diaphragm, are thus 
counted ; let us suppose the number to be equal to iw, and 
that the real diameter of the diaphragm is JMT ; it follows there- 
fore that m divisions of the micrometer, thus magnified, are 
equal in extent to M* Hence the magnifying power of the object- 
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glass will be represented by — • Suppose the micrometer to be 

divided into thousandhts of an inch, and the diameter of the dia- 
phragm into 5 tenths of an inch. The instrument being brought 
to the proper point of view, I will suppose that 30 parallel divis- 
ions are contained in the diameter DD ; there are then 20 thou- 
sandths of an inch, which, by the power of the object-glass, 
become equal to 5 tenths, or 500 thousandths of an inch. Thus 
the magnifying power produced by the object-glass, at this dis- 
tance, is found to be y^' or 35 ; hence we conclude, in general, 
that the first image /, 9>,, formed behind the object-glass, is 
twenty-five times as large as the object. 

194. Now the enlargement of this image/, 9^,, produced by 
the object-glass, may be calculated upon the principles made use 
of in the case of a simple magnifying glass, from its focal distance 
aod the distance of distinct vision, the rule heretofore given 0S- 
being reversed. Thus the total enlargement produced by the 
compound microscope, will be the product of these two partial 
enlargements. If, for example, in the situation where the object 
is placed, it is magnified twenty-five times by the object-glass 
alone, and its image is magnified ten times by the eye-glass, the 
total effect will be equal to the product of 35 by 10 or 350. 

The proportions thus determined belong to the distance ^, at rig. ui 
^hich we place the object from the object-^lass. The effect is 
increased if we bring it nearer the principal focus F, and dimin- 
ished if wc remove it farther off; for, in the first case, the image 
^,9?,, is thrown further from the ohject-glass i^,, and, in the 
second, it is brought nearer. Accordingly, if we do not wish to 
alter the eye-glass, it would be necessary to move the interme- 
diate piece FC, in order to lengthen or shorten the tube, in such 
a manner that the new image may always be formed within the 
l)orders of the diaphragm DD^ and thus be found at the con- 
stant distance from the eye-glass which is adapted to distinct 
vision. We might repeat, in each of these new positions, the 
process for determining the enlargement produced by the object- 
glass, but this is not necessary ; for it is shown by calculation, 
that, for the same distance of distinct vision, the values of total 
enlargement are sensibly proportional to the distance w4,E, or 
the interval between the object-glass and the eye-glass, dimin- 
ished by the focal distance of the eye-glass. It is sufficient then 
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to measure these distances in the first experiment, when the inter 
mediate piece FC, is pushed down to its limit; and by tra- 
cing on the tube ^ scale of equal parts, ivhich will indicate, 
for all other cases, the quantity by which it is lengthened, we 
can deduce the magnifying power of the microscope, by the 
proportion we have stated. Or, if wc wish, we can mark these 
enlargements on the tube itself, against a certain number of di- 
visions, suflficiently near together, to allow the intermediate ones 
to be calculated by simple means. But these values, being com- 
pounded of the effect of the object-glass and that of the eye- 
glass, will still vary for different eyes, according to the distance 
of distinct vision ; because it will be necessary, in order to adapt 
the distance of distinct vision to different eyes, to increase or 
diminish the distance of the eye-glass from the diaphragm ; sa 
that the same instrument will always magnify m9re for long- 
sighted than for shortsighted persons, as we have shown in the 
case of simple microscopes. 

195. When the microscope is once prepared in the manner 
above described, it may be employed for the purpose of obtain- 
ing the absolute dimensions of small objects, and the result will 
not be far from the truth. We might place one of these objects 
immediately on the glass micrometer, and see with the micro- 
scope how many of its divisions are covered by it, were it not 
that the thickness of the object, however small we suppose it, 
has an important influence on the place of the image, on account 
of its proximity to the principal focus of the object-glass; so 
that we can never sec it distinctly through the eye-glass, and 
the divisions of the micrometer at the same time. To remedy 
this inconvenience, we place another micrometer in the inte- 
rior ol' the microscope, exactly in the place where the first 
image is formed, that is, on the diaphragm DD^ which answers 
to the focus of the eye-glass. Then we easily observe hom 
many divisions tlu image of the object takes up on this interior 
micrometer. This number, divided by that which expresses the 
enlargement produced by the object-glass alone, for its actual 
distance from the image/, 9^,, or the micrometer, gives the abso- 
lute size of the obiect. 

196. The above method w^as long since made use of by M. 
Charles. The limits of this treatise will not allow a detail of all 
the improvements introduced by this skillful observer. But ' 
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will luentioD some particulars to be attended to without which the 
microscope would be altogether useless. 

In the first place, it is absolutely necessary to illuminate strong- 
ly the objects we wish to observe. These objects being hardly 
^ver luminous of themselves, emit directly very few rays ; and 
9nly a small nulnber of these are admitted into the micro- 
scope, on account of the very small opening which must neces- 
sarily be given to the object-lens. If then we <;:onfine ourselves 
to this small degree of light, the image will be so faint, that 
we can hardly ever perceive it, however little it may be mag- 
nified. On this account we illuminate the object strongly, by 
throwing upon it, from a slightly concave mirror, the ordi- 
nary light of the sky, or that of a lamp condensed by means 
of a converging glass. If the object is opaque, we illuminate it 
in this manner by light from above; but if it is transparent, 
we generally receive the light from below. I say, generally, 
because there are some cases in which it is best to have the 
light directed otherwise. When, for instance, we wish to o\h 
serve the divisions of the micrometer, in order to determine the 
^lagnifying power, we never see them better than by an oblique 
Inflection ; then they are delineated in black on the glass plate* 
There are some of these micrometers which contain 900 visible 
9iarks in the space of a French line or ^% of an English inch. 

J97. Another indispensable precaution is to place diaphragms 
III the interior of the instrument, to limit the field of view, and to 
f^ctude all that part of the image which is ill defined. For in all 
the preceding considerations, we have supposed the incidences 
and emergences infinitely small. They are not so in reality, and 
they are ;the less so, according as we give to lenses a greater 
opening. Hence the concentration of the rays in a single focus, 
the regular formation of the image, its perfect similarity to the 
object, and all the other properties which exist under very small 
jqcUnations, are only approximations from which we deviate 
more and more, in proportion as the glass used has a greater 
jiperture. Now we must deviate only just so much as to prevent 
vision from becoming too defective ; and this we do, by limiting 
the field of view by diaphragms, difiering in extent according as 
the case may require ; and a very simple method, is to retrench 
from the image whatever might affect the distinctness of its out- 
lines. 

Opt. 25 
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198. Dr Brewster hae contrived a very ingeiinn 

of employing (he microscope for measuring the ratios of refrac- 
tion ill liquids, and a great number of substances partially ^olid, 
such as wax, gum elastic, &c., which are opaque in the mass, 
but which become translucid, or even transparent, when made 
sufficiently thb. For this purpose, we Gx before the object lens, 
and nearly in contact with it, a very thin plate of glass with par- 
allel faces; then we bring the microscope to the point of dis- 
tance proper for seeing distinctly, through this system, the marks 
of the object-glass micrometer. This being done, we insert be- 
tween the glass plate and the lens, a drop of (he liquid whose 
refraction we wish to examine; or if it is a solid substance, we 
detach a very thin lamina and press it strongly between the glass 
plate and the lens, until it is moulded, as it were, upon the sur- 
face of the lens. This operation forms, with the substance 
pressed, a true divergent meniscus, whose anterior surface is 
plane, and whose posterior surface has the same curvature as 
the anterior surface of the object lens. The interposition of this 
menisciis necessarily increases the distance at which the image 
of the object is formed behind the object lens ; so that if we 
keep the object-glass micrometer at the same anterior distance, 
we must lengthen the body of the microscope in order to see 
clearly the image in the diaphragm, or what leads to the same 
result, we may leave the body of the microscope unaltered, and 
increase the distance of the object from the lens. The atnounl 
of this alteration depends upon the curvature of the object-lens 
and upon the nature of the substance interposed. If the curva- 
ture is known, we deduce from this amount, the ratio of refrac- 
tion of the substance. If it is unknown, and it is always best IQ 
make this supposition, (hen we begin by forming the meniscus 
with pure water, whose ratio of refraction is known, being, ac- 
cording to Newton, equal to 5j| or 1,33586 ; and by comparing 
the alteration of distance necessary in this case, with that re- 
quired for the particular substance afterwards subjected to ex- 
periment, wc deduce the ratio of refraction of this substance 
compared with that of water. The application of this pro- 
cess requires much skill and address, because the accuracy of 
It depends upon the more or less perfect exactness with which 
we bring the image into the diaphragm, in doing which, our 
only guide is the condition of greatest distinctness of visioD. 
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Still it admits of many very useful applications, both for sub- 
stances which only become transparent when rieduced to their 
laminae, and for liquids of which we possess only very small 
quantities, a single drop being sufficient for the observation. 
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Amplifying Glass and Achromatic Eye-Glasses. 

199. The imperfections of the microscope arise in a great de- 
gree from the want of achromatic lenses, which is the more felt 
according as we attempt to make use of higher degrees of mag- 
nifing power. Unfortunately it is impossible to remedy this 
defect entirely, since it is in vain to think of forming achromatic 
lenses so small as those which the microscope requires. But 
this evil may be, to a considerable degree, removed by a method 
which suggested itself to practical men, before any theory had 
been devised to explain its effect, or to show how it might be 
employed in the most advantageous manner. This method con- 
sists in .placing, in the interior of the microscope, behind or 
before the first image/, 9>,) a third converging glass, of a focus 
properly determined. Then the course of the rays will be such 
as is represented in figures 123^ )24. The first disposition, 
figure 123, was invented by Campani; the other, figure 124, by 
Ramsden. 

The employment of this glass, called the amplifying glass, is 
common to all dioptric instruments. Its evident use is so to col- 
lect the pencils separated by the object-glass, to concentrate them 
in a smaller space, and thus to render the image more distinct, 
smaller, and consequently to make a greater part of the object 
visible by a given eye-glass. But there is another less obvious use, 
which consists in the achromatic influence which this glass exerts. 

200. When the rays coming from an object, have been re- 
fracted by any system whatever of spherical lenses, which form 
images of it about the axis AX, owing to the unequal refrangi- Fig. 125. 
bility of light, the foci of the rays of diflFerent colours are not, in 
general^ formed at the same distance ; so that if g>i is the focus 
of the violet rays, g>^ will be that of the indigo, g)^ that of the 
blue, and finally 907 that of the red ; and as the same property 
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belongs to the radiating points situated without tt^aKisp 
will be formed in ?>,, a violet image VV,\n (p^ a blue image BB, 
and in 91, a red image RR; and the same cause which dislri- 

Ibutes them at diflferent distances will give ihem also differeni 
dimensions. Now, if the eye be placed at some point O, in the 
axis AX, for the purpose of looking at these images, it will, la 
ihe first place, suffer the inconvenience of their unequal distance, 
which will prevent them from being seen together at the exact 
distance necessary for distinct vision. Moreover, it will be dis- 
agreebly affected by the inequality in their size; for, as they 
project beyond one another, they will exhibit the outlines of 
objects bordered with coloured fringes of red, violet, or the 
intermediate colours, according as one or the other may predom- 
inate, in the course of the refractions they severally undergo. A 
great advantage, therefore, will be obtained if we can regulaW 
the size of these images, in such a manner as (o make them e<- 
actly proportional to their distances from the eye, as represented 
in figure 126 ; for then the eye seeing all their borders in lb* 
same straight line VRO, will receive al once, from these borden, 
the sensation of all these species of rays, and consequently tht 
coloured fringes will disappear. Now this disposition, whicb 
would seem at first to be very complicated and difficult, is found 
in fact to he extremely simple; and is precisely the effect pro- 
duced by the amplifying glass, when its focal distance, and its 
position with respect to the other glasses, are properly determin- 
ed. This can be done only by calculation, and consequently, I 
» cannot here state the conditions. I will simply remark, that this 
arrangement, in order to be possible, requires that there should 
be in the instrument, at least two glasses A^, A.,, besides the 
object-glass .4 , ; for, with the object-glass and only one other, 
we should not be able to render the borders of the last image 
colourless, except in one particular situation of the object. Ac- 
cordingly, in all the applications that follow, tht achromatic tyv 
glass mnst nlways be composed of at least (wo lenses. 
Fig- IM. 201. The achromatic eye-glass of Campani, is the one always 
employed in compound microscopes, and generally, in instru- 
ments where we do not wish to extend fixed wires over the 
image given by the object-glass. But when these wjres be- 

Lcome necessary, as in astronomical instruments destined for 
measuring, where we are obliged to fis precisely the direction of 
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the rays which come from the heavenly body to the eye, at a 
known instant, we cannot employ this arrangement ; because, in 
drawing out or pushing in the eye-glass to Accommodate it to 
different eyes, we should necessarily move the wires, and if 
this movement wer6 not exactly in the dxis of the telescope (and 
we cannot suppose it would be), the successive passages of the 
body would not be comparable with each other. In this case, 
tb^ eye-glass of Ramsden is particularly applicable ; because, Fig. 124. 
being situated completely beyond the first imagd fftp^ it can b^ 
drawn out or pushed in, without moving the wires extended at 
the place where the image is formed. Accordingly, we always 
employ it under these circumstances, find It Was for this purpose i 
that that celebrated artist contrived it. By examining the effect 
of the eye-glass of Cattipani, in microi^copes, M. Cauchoix found 
it advantageous to give to the amplifying glass the form of a 
meniscus convex towards the object-glass^ As to the enlarge^ 
ment produced by this apparatus, we shall explain hereafter the 
means of determinmg it according to a process devised by M. 
Arago, and whith is' applicable to all optical instruments* We 
repeat this observation foi^ two different distances of the object 
from the object-glass ; which will cause the itnage to advance or 
recede, and make it necessary to move the two lenses of the 
compound eye-glaiis, in otdet* to bring it to the true point for dis- 
tinct vision. We shall thus have two known Enlargements, for a 
known lengthening of the tube ; their difference, distributed uni-^ 
foriply among all the intermediate lengthenings, will give the 
corresponding intermediate enlargements^ which may be traced 
on the tube. 

A bare inspection of figures 123, 134, will show that these 
eyeglasses do not change the inversion of the objects produced 
by the object-glass ; but their erect position may be restored by- 
employing more than two glasses, as we shall see hereafter. 
This is done, in certain cases^ in the telescope, which is next to 
be considered. 
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Dioptric or Refracting Telescope. 

202. If we enlarge the object-glass of the microscope and 
remove the object to a great distance, we shall have a reflecting 
telescope, which, like the microscope, may be composed of two, 
three, or a greater number of glasses. But the first lens .^,, be- 
ing no longer of very small dimensions, may be formed of an 
achromatic assemblage of several glasses in contact with each 
other, which will give the same focal distance for all the colour- 
ed images produced by it. These images will, in reality, be 
separated from each other, in traversing the eye-glasses to airive 
at the eye* But besides that this separation will be very small, 
in consequence of the short distance through which they move, 
the effect will become altogether insensible, if the eye-glasses 
are combined in conformity to the principles laid down in a 
preceding section ; for then, the coloured images which are pre- 
sented to the eye, being very close to each other, will, at the 
same time, have dimensions proportional to their distances, so 
that the achromatic effect will appear perfect. Accordingly, 
this arrangement is generally practised. 

203. The first and most simple kind of telescope is that 
called astronomicaL It is represented in figure 127. The object- 
glass w4,, is a converging lens, and it must always be such, in 
order to throw the image on the posterior side towards the eye. 
The eye-glass A^ is also a converging lens, and the last image 
/a 9>2 is inverted. 

This disposition is exactly similar to that of the microscope 
with two glasses, except with respect to the diameter of the ob- 
ject-glass A^. Hence result larger pencils and a more consider- 
Fig. 121. able accumulation of light. But if we consider the axes of these 
pencils, which enter through the centre of the object glass, their 
course is absolutely the same, and accordingly the conditions 
which they must fulfil, in order to produce in the eye distinct 
vision, will be the same as before ; only, as the object is 
now very remote from the object-glass, the image is formed 
behind it at nearly the same invariable distance, which is that 
of its principal focus. Moreover, since its distance from us 
is so great that we cannot have a distinct idea of it, while the 
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distance of the last image from the eye is so small as to admit 
of no comparison with the other, the enlargement is no lon- 
ger measured by the actual ratio that exists between the size 
of the object and that of its image, but by the ratio of the visual 
angles SA^^^f^ O^^^ which the object and the image respect- 
ively subtend at the eye. If the instrument is composed of 
only two glasses, this ratio is sensibly equal to the focal distance 
of the object-glass, divided by the focal distance of the eye-glass, 
at least when this last may be considered as very small com- 
pared with the distance of distinct vision. Such accordingly 
will be the value of the magnifying power. But here, as in the 
microscope, we hardly ever employ the simple eye-glass, on 
account of the colour which it produces on the borders of the 
last image fa g>t^ even when the object glass is achromatic* If 
the instrument is intended for astronomical observations, where 
distinctness of image and abundance of light, are the only essen- 
tial conditions, we employ the compound eye-glass of Ramsden, 
or that of Campani. These do not give the image erect; but 
this is not important in astronbmical observations. 

204. The same cannot be said with respect to telescopes in- 
tended for terrestrial objects. Here it is essential that the last 
image, situated near the eye, should represent objects erect. 
This purpose is effected by making the eye-glass to consist of 
four separate lenses, of which the two first A^^Jl^^ nearest the pig. t^e. 
object-glass ./},, are intended simply to render the image erect, 
while the two last ^^, A^, situated near the eye, complete 
the achromatic effect upon the borders, and have also the same 
ratio to each other, as those in the eye-glass of Ramsden or 
Campani. The magnifying power of the telescope depends 
upon the foci of these five glasses and their intervals asunder. 
Now, if we give to the two last, situated next the eye, the dis- 
tances which are necessary for rendering the borders colourless, 
we can still vary the positions of the rest within certain limits, 
without the instrument failing to perform well. But the magnify- 
ing power will vary, and we can, by this single movement, cause 
it to pass through all its degrees. M. Cauchoix has effected this 
in his terrestrial telescopes, which he has called for this reason 
palyalde.. They thus give at pleasure, a feeble or a great magni- 
fying power, which is often very advantageous, the first being 
more convenient in case of a fog, and the second in clear weather. 
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Telescopes thus disposed and iatended to be portable, vary 
their magnifying power from twenty to forty times, o^ from 
thirty to fifty times. The magnifying power of the e^^atest as- 
tronomical telescope hitherto known, ^mounts to 1000 or 1300 
times, this estimate, like the preceding, being applied to the 
diameters of the objects* But we do not adapt to these instru- 
ments the polyalde apparatus, because the multiplicity of reflec- 
tions from the glasses would weaken the light too much ; and 
when we wish to alter the magnifying power, we do it bj chang- 
ing the eye-glass. 

20^. There are also telescopes in which the object-glass, 

always converging, is combined with a simple eye-glass, but 

Fig. 129. diverging. This arrangement, invented by Galileo, is still made 

use of in opera-glasses. It causes the objects to be seen. erect. 

In this case, the first image/, g>^^ given by the object-glass jJ,, 
is not actually formed, although in estimating the results, we 
must consider it as really existing. Before the focus P,, where 
it ought to be produced, we place the diverging eye-glass «i9„ at 
such a distance that the convergent pencils, tending towards the 
points/,, 9^1, may be changed to divergent pencils, departing from 
other points /s^ ^a, situated before the eye-glass, and at a dis- 
tance equal to that of distinct vision. These points form then 
the last image, or that which the eye perceives. The deviation 
produced by the eye-glass in the axes of the pencils which com- 
pose this image, makes it erect, because their directions cut each 
other before reaching the eye. But for this very reason, the 
eye cannot be placed at the point of meeting 0, which falls in 
the interior of the tube ; but, foregoing this favourable position, 
it must be placed somewhere without, in the axis of the glasses, 
at CV, for example, where it receives only the divergent portion 
of each pencil, which passes, in this place, sufiiciently near the 
axis .rf,-y, to be able to enter the pupil of the eye. It follows 
from this disposition, that in proportion as the eye is removed 
from the point of meeting 0, a greater number of pencils, diverg- 
ing beyond the space embraced by the pupil, escape it entirely; 
and as this disappearance necessarily commences with those 
which are most distant from the axis, and which form the bor- 
ders of the image, it follows that the field of view is diminished 
in proportion as the eye is removed. Accordingly, the position 
of the eye which is the nearest possible to the eye-glass, is that 
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which gives the greatest field of view. Notwithstanding these 
inconveniences, the use of diverging eye lenses in opera-glasses 
has two advantages; one is, that it makes the object appear 
erect; and the other, that, it shortens the total length of the 
instrument, by being placed within the focus of the object-glass, 
whereas converging eye-glasses lengthen it, by being placed 
without. We accordingly employ in these glasses, only a simple 
eye-lens, although it inevitably produces colour, even when' the 
object-glass is achromatic ; because, being intended to be used in 
the evening, in places where the degree of illumination is less 
than daylight, the colours which are developed, when the instru- 
ment is well made, are not very vivid, especially if we take care 
to place the pupil in the axis ; we should, moreover, weaken the 
light too much, if we made use of eye-glasses composed of sev- 
eral lenses. " 



Instruments which consist of a Combination of Mirrors and Spherical 

Lenses. 

206. Catoptric instruments of whatever kind consist of mirrors 
either concave or convex, arranged in such a manner as to give, 
by reflection, distinct images of objects, which are observed by 
means of a simple or compound eye-glass. Both telescopes and 
microscopes may be made in this way ; but we shall here consider 
only the former, the latter being no longer in use ; and we shall 
confine ourselves to the illustration of the most common case, in 
which the distance of the object may be considered as infinite. 
It will easily be perceived that the method must be the same in 
all other cases. 

The simplest of all reflecting telescopes is that which is repre- 
sented in figure 130. It is formed with a single concave mirror 
MM^ which, receiving the rays from a distant object Ss, 
forms with them, at its focus, an image fi 9>j, which we look at 
through an eye-glass for the purpose of magnifying it. But in 
this case, the observer being interposed between the mirror and 
the object, necessarily interrupts a part of the incident rays ; on 
this account, we cannot employ such an arrangement, except with 
very large mirrors ; and to prevent as much as possible the loss 

Opt. 26 
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of light, we direct the axis of the instrument a little obliquely 
with respect to the object, in order that the image may be form- 
ed without the axis, and the top of the head only intervene. 
Then, if the mirror be very large, the loss of light will be small, 
compared with that which more multiplied reflections and re- 
fractions would occasion. Sir William Herschel constructed, in 
this manner, a large telescope of forty feet focus, with which he 
made a number of discoveries. There was a similar one at the 
observatory of Lilienthal, in the hands of M. Schroeter. The 
trouble of moving such large instruments makes it very difficult 
to use them. 

207. Next to the form above described, the most simple is the 
Fjg. 131. one invented by Newton. It consists in placing in the interior 

of the telescope, and near its principal focus i^,, a small plane 
mirror mm^ inclined to the axis at an angle of 45^, and of dimen- 
sions just sufficient to receive all the reflected rays. This mirror 
changes the direction of the rays, but in changing them, does 
not at all alter their convergence. It only throws the focus in a 
direction perpendicular to the axis, and at the same distance 
from the point where the mirror cuts the axis, at which it would be 
if formed in its prolongation. Opposite to this new direction, we 
make a lateral opening in the tube of the telescope, in order that 
the rays may emerge, and we look at the image through a sim- 
ple or compound eye-glass. This arrangement prevents the 
direct interposition of the observer, and allows us to employ 
mirrors of all dimensions. But it occasions a considerable loss 
of light by the second reflection which it requires, especially 
since the reflection takes place from a metallic surface, whose 
absorbing power is always very great. Accordingly, in tele- 
scopes of this kind constructed by Newton himself, in order to 
change the direction of the image, he made use of total interior 
reflection, at the second surface of a rectangular glass prism, 
so situated in the telescope, that one of the sides containing the 
right angle, should be perpendicular to the axis of the telescope, 
as represented in figure 132. 

208. The position of the observer at the side of the telescope is 
inconvenient, when he is seeking, with the telescope, any of the 
heavenly bodies. It is much better when in the direction of the 
axis of the instrument. This purpose is effected by the construc- 
tion of Gregory, represented in figure 133. It consists in substi- 
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tuting for the plane mirror, a small concave mirror mm^ which re- 
flects the rays coming from the large mirror, and sends them 
towards its centre, where an opening is made for their passage. 
Then a second image of the object is formed behind this opening, 
at the compound focus of the two mirrors, which is viewed through 
an eye-glass placed in the axis. If we suppose the incident rays 
parallel, the 6rst image will be formed at F,, the principal focus 
of the large mirror, and will take the place of an object with 
respect to the second. Accordingly, from what has been laid ^^• 
down, it follows that the first image must be situated between 
the centre of curvature and the principal focus of the second 
mirror, in order that the second image may be thrown beyond 
the first, towards the observer. 

209. Cassegrain further modified this construction, by substi- 
tuting in place of the small concave mirror, a small convex mir- 
ror m fit, in order that the aberrations of sphericity produced ^ig- 134. 
by the two mirrors, might mutually compensate each other. In 

this case, that the second image may be formed on the side 
of the observer, it is necessary that the first should not be ac- 
tually formexl ; but that its imaginary place should fall beyond 
the small mirror, between its surface and the principal focus. 
This result which was not considered in article 15, because it 
supposes the incident rays convergent towards the mirror, is 
easily demonstrated by the general method of article 13. 

210. In figures 130, 131, 133, and 134, for the sake of sim- 
plicity, we have only represented a simple eye-glass. But, it is in 
fact necessary, in order to render the last image colourless, that 
the eye-glass should consist of two lenses, arranged according to 
the principles laid down in articles 200, 201. We have also 
been obliged, in the figures, to increase very much the true 
dimensions of the eye-glass, compared with those of the mirror 
MM, that we might be able to represent the mass of rays and 
succession of images, in a conspicuous manner. 

It is hardly necessary to remark, that in these telescopes, the 
mirrors are firmly fixed in the axis of a tube, sufficiently long to 
permit only those rays which are nearly perpendicular, to fall 
upon them. Indeed, we often contract this opening by means of 
diaphragms, for the express purpose of interrupting those rays 
which would fall on the borders of the mirror, this being never so 
well executed as the centre. The tubes ought to be blackened on 
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the inside, like those of refracting telescopes, for the better ab- 
sorption of the light irregularly reflected from their sides. In fine, 
they must be mounted in such a manner that they may be 
directed at pleasure, towards the different points of space. 



Method of M. Arago for determining the Magnifying Power of 

Optical Instruments. 

21 1. It has already been observed, that in instruments intend- 
ed for viewing distant objects, the magnifying power is equal to 
the ratio of the visual angles, under which the same object is 
seen with the naked eye, and through the system of glasses of 
vrhich the instrument is composed. If the object is sufficiently 
near the eye to allow its distance, in these two cases, to be 
compared, it is necessary to combine the ratio of the visual an- 
gles with the ratio of the real and apparent distances of the 
object, in order to deduce the ratio of its real and apparent 
magnitudes, both taken at the distance of distinct vision. 

The process of M. Arago gives immediately the ratio of the 
visual angles. For this purpose, we take a double prism of rock 
crystal, similar to those whose construction is represented in fig- 
ure 92, and which serve for double-image micrometers. We 
measure the angle O r £ or C, at which it divides the light. This 
can be done in a very simple manner, as we shall soon see. 
We next place the double prism behind the eye-glass of the in- 
strument under examination, which we first suppose to be either 
a reflecting or refracting telescope. If we view, through this 
system, a distant circular object, of a known diameter, we shall 
see it double, and in general its two images will be separated 
from each other. Then we remove it further or bring it nearer 
until these two images touch each other by their opposite edges. 
When this takes place, we know that the rays proceeding from 
the borders of this object, after having traversed the instrument, 
emerge from it, making with each other an angle precisely equal 
to C. Now, since we know the diameter M of the object, and 
its distance which we call A, we can easily calculate the visual 
angle a, under which the same rays cross each other at their 
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M 
incidence upon the first glass ; for — expresses its trigonometri- Trig, t 

C 

cal tano:ent. The ratio of these angles or — , will therefore ex- 
o ° a 

press the magnifying power of the instrument. 

Now, in order to determine exactly the angle C, we can view 
the object through the double prism alone, and carry it farther 
off or bring it nearer, until its two images appear to touch each 
other. Then, from the known diameter of the object and its Fig. it 
distance, we can calculate the visual angle which it subtends, 
and this will be the value of C. But M. Arago rendered this 
observation more exact by viewing the two images through a 
small telescope, before which, in contact with the object-glass, was 
placed the double prism which gave more distinctness without 
altering the coincidence of the images. Moreover, instead of a 
single object, he substituted several of different diameters, at the 
same distance, and even gave them a triangular form, in order to 
be able, without displacing them, to choose, in each experiment, 
the visual angle suited to the double prism, whose amplitude he 
wished to determine. 

21 2. The method of M. Arago may be applied also to the mi- 
croscope, under all the different forms of the eye-glass. Only the 
observation through the instrument, must be made upon an ob- 
ject very near and divided into small portions, like the object- 
glass micrometOT, for example, already described. When we 193. 
have placed this micrometer before the object lens, at a conven- pj-^ jg 
lent distance for seeing distinctly through the eye-glass, the image 
the dimensions of which are traced upon it, we place the double 
prism between the eye-glass and the eye ; and directing the . 
double refraction perpendicularly to the series RR of marks 
traced upon the glass, we count the number RR'^ of divisions, 
embraced by the divergence of the two rays. Suppose it equal 
to m lines. This then will be the real magnitude of the object, 
-which, being seen through the instrument, and brought by it to 
the distance D, of distinct vision, subtends at the eye the constant 
angle C ; its apparent magnitude, as it is seen through the instru- 
ment, will therefore be equal to the distance i), multiplied by the 
trigonometrical tangent of the angle C ; that is, equal to D tang. 

DC 

C ; an expression which mpiy be reduced to ^^ , if we sup- Top.i4 
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5d. pose the angle A converted into seconds* It only remains, then, 

to divide this apparent magnitude by the real magnitude m of the 

61, 62. object, as in the case of a simple magnifying glass, and the quotient 

DC 

— --— — will express the magnifying power. It is hardly ne- 
cessary to remark, that the distances D and m must be expressed 
in units of the same kind. 



Instruments employed in Optical Experiments. 

21 S. After having described the instruments which serve to 
enlarge the power of vision, it is proper to say a word concern- 
ing certain other kinds of optical apparatus, remarkable for the 
beauty or singularity of their effects. 



Camera Obscura, 

A CONVERGING objcct-glass adjusted to the shutter of a dark 
room, will concentrate the rays which come from external ob- 
jects ; and if these objects are very distant, compared with the 
focal distance of the glass, and situated nearly in the direction of 
its axis, it will give distinct images which may be received upon 
a white screen. These images are inverted ; but in order to ren- 
der them erect, it is suflScient to bring to the object-glass, instead 
of the direct light of the object, that of the image, already re- 

g. 137. fleeted and inverted by a metallic mirror MM. This apparatus 
is called a camera ohscura. We may substitute for the screen a 
plate of ground glass ; and for the room, a box fitted by means 

g. 133. ®f ^ curtain to receive the head. It can then be transported 
with ease, for the purpose of landscape painting. 

Dr Wollaston has remarked, that the best form for the object- 
glass of a camera obscura, is that of a meniscus convex towards 
the image, and concave towards the object, as represented in 
the figure. And some fortunate experiments, made by Cauchoix, 
seem to indicate that the ratio of curvatures the most favourable, 
is that of 5 to 8. The shortest of the two curvatures belongs to 
the surface turned towards the image, because the lens must be 
converging. 
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MegCLscope. 

214. Here, as in the preceding case, an object-glass is adjust- 
ed to a window shutter ; but, instead of causing it to produce the 
images of distant objects, we place without the room, at a small 
distance, in the direction of the axis an object strongly illuminated 
by the light of the sun, either directly or by reflection from sev- 
eral mirrors. If this object is not one of too great dimensions, a 
distinct image will be formed in the room, the distance and magni- 
tude of which will depend upon the focal distance of the objVct- 
glass, and the distance at which the object is placed before it. In 
proportion, therefore, as we bring the object nearer to the princi- 
pal focus, we can obtain larger images ; but as these will also be 
thrown at a greater distance, we must be guided in this respect 
by the dimensions of the room, and must limit ourselves to such 
distances as will give images suflBciently magnified and at the 
same time well defined. The images will appear inverted, but may 
be made erect by inverting the object. Such h the megascope. 
Instead of a single object-glass, we may employ several combin- Fig. 13 
ed, so as to become achromatic. Then the limits within which 
the images are distinct, are suflBciently great t0 enable us to form, 
in this manner, maguified or reduced representations of pictures 
and statues, or even of natural figures, M. Charles, who invent- 
ed this instrument, contrived to magnify objects from 2 to 20 
times. In this state, it may be very usefoKy employed in nu- 
merous researches relating to natural philosophy and natural 
history, where it is necessary to determine with precision the 
forms and outlines of objects whose smallaess or delicate texture 
prevents their being measured directly. In this case, we receive 
the image on a plate of ground glass, and sketch the outlines on 
the opposite surface of the glass or on transparent paper applied 
to this surface. This process, although graphic, is susceptible 
of very great accuracy. 

21 5. The magic lantern is simply a portable megascope, in which 
transparent objects arc illuminated by the light of one or several 
lamps. The term phantasmagoria^ or the raising of spectres, has 
been given to the exhibition of an optical apparatus, similar to the 
magic lantern, in which the distance of the object from the con^ 
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verging glass is made to vary, in order to present the appearance 
of an object which approaches or recedes. But to make the illu- 
sion complete, it is necessary to vary also the light with which the 
object is illuminated, in order that it may appear to diminish with 
the distance. Now the reverse actually takes place in instruments 
of this kind, in which we leave to the image the natural concen^ 
tration of light produced by the glass. 



Solar Microscope. 

ig. 140. 216. Instead of a very large object-glass, we adapt to the 
window-shutter, a tube containing a magnifying glass .4^, of a 
short focus, and place before it a small object s tf, a little beyond 
its principal focus. The rays coming from this object, pass 
through the glass, and form behind it a magnified image, whose 
dimensions and distance increase according as we place the ob- 
ject nearer the principal focus. Accordingly, if we receive this 
enlarged image upon a white screen placed in the dark room, we 
can examine it in all its details. But in order that this exami- 
nation may be easily made, the image must continue to be suffi- 
ciently illuminated notwithstanding its dilatation. It is neces- 

ig. 141. sary, therefore, to illuminate the object very strongly. For this 
purpose we place beyond it, on the outside, another glass A^Ai^ 
at such a distance as to concentrate upon it, a large portion of the 
solar rays directed by a heliostat. Then, if the object is trans- 
parent, the image thrown upon the screen, ^ill be very luminous* 
In this manner we can magnify small objects, such as micro- 
scopic animalculae, or the organs of insects, to a surprising de- 
gree. But the most beautiful subject for this instrument is a 
small drop of some saline solution. When placed upon a glass 
plate and exposed to view, in a few moments, the liquid being 
evaporated by the heat of the solar rays, crystallization takes 
place, and we can observe it on the screen in all its details, as well 
as the configuration of the crystals that are thus formed. The 
nmriate of ammonia and the sulphate of soda, exhibit this eflFect 
most readily. It is likewise to M. Charles that we are indebted 
for the perfecting of this instrument. 
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Camera Lucida* 

217. Suppose a quadrangular prism cut in such a manner that Fig. 142. 
the rays coming from neighbouring objects, and falling nearly per- 
pendicularly upon its first surface, shall twice experience total re- 
flection at its interior faces, and then, emerging perpendicularly 
through its last surface, arrive at the eye situated in O. We shall 
see an erect and horizontal image of the object, which will ap- 
pear to come through the prism. But suppose the pupil of the 
eye to be so placed, that the rays thus reflected shall occupy 
only half of it ; the other half jutting a little over the edge 
of the prism so as to admit* the rays coming directly from a 
piece of pasteboard ABj placed below. It is evident, that in 
this manner the spectator will see at once, with the same 
eye, the image and the screen upon which it appears to be 
thrown. If then he wishes to sketch the outlmes with a fine- 
pointed pencil, he will see at the same time the point of this pen- 
cil and the image, and there will be nothing to prevent his de- 
lineating it. For this purpose, if his eye require it, he may be 
aided by a converging or diverging glass placed before the prism. 
This ingenious instrument was invented by Dr Wollaston. We 
can extend the use of it to distant objects, by fixing bebind the 
eye-glass of a telescope, a metallic mirror inclined and very 
thin ; then, if we place the eye against the edge of it and look 
with half the pupil, as before, we shall be enabled to delineate 
the objects in question. 



Organ of Vision. 

SI 8. The organ of vision, in man, is an optical instrument, com- 
posed of difi*erent transparent media, whose curvatures and re- 
fracting forces are so adjusted, that the aberrations of sphericity 
and refrangibility are rendered insensible. This apparatus con- 
centrates the luminous rays coming from objects, and throws 
their images upon an expansion of the optic nerve, where the 
sensation is produced, which is afterwards transmitted to the 
brain. To give a general idea of this admirable mechanism, I 
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^all avail myself principally of the TraiU de Physiology^ of M« 
Magendie, who has described it with great clearness and pre- 
cision. 

As an optical instrument, however perfect, always concentrates 
* to most advantage the rays which are near its axis, the eye is 
provided with muscles, subjected to the will, which direct it 
towards the object we wish to see. The same foresight which 
has so admirably constructed it, has protected it in a thousand 
ways. It is seated in the front of the face to guide the motions 
of our limbs, and placed in a cavity surrounded by walls of 
bone which jut over and shelter it. It is likewise embedded in 
a soft, unctuous mass, by which it readily yields to the action of 
the directing muscles without being liable to injury from its mo- 
tions. In order to protect it from the sudden contact pf bodies 
which might prove hurtful, it is supplied with movable coverings 
which shut over it with the rapidity of thought. These cover- 
ings, called eyelidsj are bordered with eyelashes^ which prevent 
the accidental introduction of any minute particles of dust, which 
might wound or tarnish its surface ; and if by chance any such 
substance should gain admission, it is washed out by a fluid, the 
tears^ secreted by glands provided expressly for this purpose. 
These same glands in their habitual state, serve to maintain upon 
the globe of the eye, a slight humidity, which prevents it from 
becoming parched by the contact of the air, and preserves the 
polish of its surface, so essential to the regularity of its refrac- 
tions. Finally, in order that the moisture which collects upon 
the forehead, in consequence of bodily exercise, may not descend 
into the eye to irritate it, over the cavity in which it is embedded 
is extended an arch of stiff hair, called the eyebrows^ that turn 
aside the descending fluid and continually repel it by means of 
an oily matter that is secreted at the roots. 

219. Such are the external guards of tKe eye. The organ 
itself, considered in a detached state, presents nearly the form of 
a globe, to which are attached veins and arteries to administer 
to its nourishment, and muscles to cause and direct its motions. 
If it were cut by a plane passing from the fore to the back part, in 
the direction of its axis, on the supposition of its parts becoming 
solid by exposure to cold, the section would be represented in fig- 
ure 143. We distinguish three media or humours^ varying in form 
and refracting power. Beginning with the fore part, the first is a 



Organ of Vitim. 21 1 

concavo^onvez lens or meniscus AA^ filled with a transparent 
liquid, in appearance resembling water, and called for this reason 
the aqat(m8 hmwau Next is a solid transparent substance CC^ 
which has the form of a converging lens, and which is called the 
crystalline. It is more flattened on the anterior than on the poste- 
rior side, and grows flat with age. Beyond this, the whole poste- 
rior cavity is filled with a viscous liquid resembling melted glass, 
and hence called the mireous humour. The envelope which 
contains the whole system, may be considered as formed by 
the prolongation and extension of the teguments of the optic 
nerve -AW. The exterior tegument gives rise to the exterior cov- 
ering JVIS.^, which is hard and opaque, but yet flexible like horn, 
and called the sclerotica. But extending round to A^ before the 
eye, this membrane becomes thin and transparent, like the crys- 
tal of a watch, a necessary condition, in order that there may be 
a free passage for the light ; here it is called the cornea from its 
resemblance to horn. In this part it is covered by the skin, ren- 
dered extremely thin. The second envelope of the optic nerve, 
spreads out below the preceding, and forms a stratum called the 
choroid coat^ which is covered with a black pigment, for the same 
reason that we blacken the interior of instruments of our own 
construction, namely, to prevent the confusion that would result 
from the multiplicity of reflections. Finally, the interior and 
medullary portion of the optic nerve expands in its turn, like the 
preceding, and forms a nervous membrane RR, of a whitish grey 
colour, which is spread over the interior surface of the choroid 
coat and called the retina. Here the sensation is supposed to 
take place. 

' 220. The general mode of action of this organ is manifest 
from the preceding description. The rays, coming from distant 
objects, fall upon the transparent cornea, traverse the aqueous 
humour, the crystalline and the vitreous, and are concentrated 
upon the retina, at the focus of the combined media, where they 
form a small inverted image. This may be verified by means 
of the human eye or that of an ox, it being removed a short time 
after death. For if we render thin the posterior part of the 
sclerotica, and place at some distance before the cornea, a lumi- 
nous object, the flame of a lamp, for instance, and look at it from 
behind, we shall see a small but very distinct image formed in 
the interior of the eye, having the same colours as the object, 
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end increasing or diminishing according as the object is made lo 
approach or recede, as has been shown by M. Magendie. This 
physiologist has also pointed out a mcLhod of rendering the ob- 
servation much more easy, by operating upon the eyes of albi- 
nos, as while rabbits or white mice ^ for in this case the black 
lining of the choroid does not exisl, the posterior pari of the scle- 
rotica is transparent, and we can perceive directly the imaget 
painted on the retina. 

Not only am ihe images formed, but every thing is disposed 
in such a manner as lo give them the requisite distinctness and 
regularity. We know thai all our optical instruments are sub- 
ject to two imperfections which limit extremely the field and 
power of vision. One arises from the circumstance that the bo^ 
ders of lenses do nol concentrate the rays exactly at the same 
focus as the centre; this is called the aberration of aphtrifili). 
The other proceeds from ibe circumstance that the same lena 
concenlrales at a greater or less distance from the axis the rays 
of unequal refrangibility, and is called the aberration of rejrangi- 
bility. As to this latter defect, we have seen that if it cannot be 
entirely removed, it can at least be rendered insensible in tele- 
scopes, by making each glass to consist of several lenses of HI- 
ferent kinds, whose dispersive forces are unequal and opposite- 
It appears that the aqueous humour, the crystalline lens, and the 
vitreous humour are combined in such a manner as to produce 
nearly a similar compensation, since the images painted on the 
retina, appear ordinarily in the proper colours of ihe objects 
from which they are derived; and if we sometimes perceives 
sensible colour, it is only when particular pains are taken to 
■ place the eye in circumstances different from its habitual state> 
The other species of aberration, that of sphericity, appears also 
to be compensated, or at least rendered very small, by the con- 
struction of the eye ; for we can still see objects with sufficient 
distinctness, although placed at a considerable angular distance 
from ihe axis, and even when we look at them quite awry, in 
which case the rays fall very obliquely upon this organ. It is 
possible that this compensation results in part from the composi- 
tion of the crystalline, which is found lo consist of an infinite 
number of distinct lamina, whose refracting forces are probably 
unequal. Moreover, we lind several particulars in the struc- 
ture of the eye, which manifestly lend lo effect the same pup- 
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pose ; such, for example, as the existence of a diaphragm PP, 
placed just before the crystalline, whose opaque contour inter- 
rupts those rays which would make too great an angle with the 
axis* This diaphragm, when seen from without, exhibits the 
appearance of a coloured ring, of a variable tint, even in man, 
and called the tm. The circular aperture through its centre, by 
which the rays enter into the interior of the eye, is called the 
ptqnl* The construction and disposition of this diaphragm are 
no less wonderful than those of the other parts of the organ. In 
the first place, the posterior surface, covered by the prolongalion 
pf the choroid, is tinged with the finest black ; so that it absorbs 
^1 the rays which, being reflected from the interior surface of 
the crystallbe or even the back part of the eye, would be 
thrown back and thus impair the obscurity of the dark chamber 
where the image is formed. Moreover, the membrane of which 
this diaphragm is composed, has a striking advantage over all 
•ur artificial diaphragms, in its susceptibility of contraction and 
dilatation, thus admitting more or less light, as oecasioa Bsay re* 
quire ; and that too, from the mere irritation produced by the 
Ught, without any care on our part. Finally, the very place of 
this diaphragm in the interior of the aqueous humour, is a cir^ 
Gumstance that perfectly corresponds with every thing else. 
For, in vision, each point of the visible object sends to the eye a 
cone of luminous rays, which has its vertex at this point, and fi)r 
iO base all the exterior surface of the transparent cornea. This 
cone, being refracted in the aqueous humour, changes into a 
shorter cone, which has its vertex in the interior of the eye. 
Then, being obliged to traverse a small circular aperture, con- 
centric with the axis of this organ, it loses all those rays whose Fig. u 
primitive obliquity of incidence upon the cornea, would have 
produced too great an aberration of sphericity ; and this favour- 
able exclusion, taking place thus near the point of the interior 
cones, operates with equal success whatever be their direction of 
incidence, as is shown by the figure. Instead of such a position, 
suppose that the diaphragm, having the same opening, had been 
placed without the eye, near the surface of the transparent cornea. 
Then it would still exert its favourable influence on the incident p,g. 14; 
cones very near the axis ; but with respect to the oblique cones 
it would be very defective, since it would admit the rays most 
distant from the axis and most oblique to the surface of the 
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cornea ; whereas these are the very rays which ought to be 
excluded, and which the interior diaphragm does m fiact ex- 
clude ; so that in order to effect the same exclusion, when 
situated without, there would be no other expedient than to 
make the diameter of the* aperture extremely small. The situa- 
tion, therefore, of the diaphragm, in the interior of the first me- 
dium by which the rays have been refracted, is a means of 
admitting a greater quantity of light, with a less aberration of 
sphericity. This is undoubtedly the reason why it is thus situ- 
ated with respect to our organ, in which all the parts are so per- 
fectly adapted to the purpose they are designed to answer. 
And even human art, rude as it is, when compared with the skill 
displayed in nature's handiwork, has had recourse to the same 
expedient, probably without the analogy being observed; for 
sach precisely is the construction of the periscopic glasses, invent- 
ed by the celebrated Dr Wollaston, which consist of two seg- 
ments of spherical plano-convex lenses, adjusted to each other 
at their plane sides, and separated by a diaphragm. This con- 
Fig. 146. struction is found to possess indisputable advantages, both in 
regard to the quantity of light, and the distance from the axis to 
which vision may be extended. 

221. There are also two circumstances in the construction of 
the eye, which appear to concur in diminishing the aberration of 
sphericity for the pencils oblique to the axis. The first is the 
peculiar form of the posterior surface of the crystalline, which, if 
we may judge from the representations of anatomists, is not 
strictly spherical, but more flattened at the centre than toward 
the borders. This causes the oblique pencils to meet it under 
smaller incidences than they otherwise would have. The other 
is the concavity of the retina by which it is made to present 
itself, as it were, to the proper focus of each pencil. 

222. But, with all we know of the astonishing wisdom of this 
mechanism, its operation still offers peculiarities which we are 
unable to explain. Our optical instruments have different focal 
lengths for different distances of objects, and we cannot adapt 
them to these different distances, without lengthening or shorten- 
ing the intervals between the glasses which compose them. 
There must, therefore, exist in the eye the means of some analo- 
gous adjustment, since vision takes place with great distinctness 
at very different distances ; for example, at several inches and 
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ait several feet ; and even for remote objects^ the indistinctness of 
vision must necessarily be similar to that which belongs to glasses 
fitted for small distances* We can satisfy ourselves that an actual 
effort of the eye is necessary, in order to vary thus its extent of 
vision ; for if we place at a short distance from one of our eyes 
a small object, such as a hair, which is projected on a laiger and 
more distant object, we can never see both of them distinctly at 
the same time ; but an actual effort, and even a short interval of 
time, is necessary to pass from the one to the other. Yet we 
are not able, by the most careful dissection, to discover in the 
eye any cause capable of modifying its operations in this respect. 
Some have supposed that the anterior part of the cornea is sus- 
ceptible of becoming, at will, a little more concave or convex ; 
but it has been shown by the very accur^le experiments of Dr 
Thomas Young, that no sensible change takes place in this re- 
spect for the greatest difference as to distance. Some have had 
recourse to a motion of the crystalline forward and backward, 
and to a supposed change of curvature ; but we find no mus- 
cle which could produce this effect. The crystalline does not 
adhere to any substance capable of moving it ; it is suspended 
freely at the centre of a ring formed of radiating fibres, which 
are called ciliary processes^ because they resemble the eyelashes. 
We do not know that they are not susceptible of contracting, to 
a certain degree, so as to allow the crystalline to move in a 
direction perpendicular to the axis of the eye, but this motion 
does not seem to be of a nature to vary the focal distance of this 
organ. The safest and most prudent course is to admit, that as 
yet we are ignorant how the eye can modify its action according 
to the distance of the object. May it not be that the small 
diameter of this organ renders imperceptible the changes of cur- 
vature and elongation which it undergoes, or that the aberration 
of the focus for different distances is compensated, as in other 
cases, by some special contrivance. 

223* As the last instance of the wisdom with which this won- 
derful organ is constructed, it is to be observed, that in all our 
optical instruments, if we take away or derange one of the 
glasses, the whole effect is instantly destroyed ; but the eye, like 
our other organs of sense, is not so easily deranged. If we 
pierce the eye of a living man, in order to draw out part of the 
aqueous or vitreous humour, as is necessary in some diseases, 
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these humours are in a short time replaced ; if the pupil becomes 
closed up, we can make an incision in the iris and thus form an 
artificial pupil. Finally, if the crystalline itself becomes opaque, 
and it is necessary to remove it in order to open a passage for 
the light, we can still see, without its assistance ; only the dis^ 
tance of distinct vision is greatly increased, as we should natu- 
rally expect, after taking away from the instrument a converging 
lens ; but we su{^ly the defect by placing before the eye a con- 
verging glass of a suitable curvature; and then we can see 
oJmost as distinctly as with the natural crystalline unimpaired* 
This stability seems to be a general characteristic of all our 
cH*gan8 of sense. / 

234. Hitherto^e have considered only the instrument of vis- . 
km. Its connection ^ith the sensation, presents a mystery still 
more inezplicable* All we know is, that the impression pro- 
duced upon the retina is transmitted to the optic nerve, and by 
that to the bram. The circumstance that we have the sensatioa 
of objects erect, although we receive the image of them inverted, 
b not surprising. The image, which is the cause of the sensar 
tion, must not be confounded with the sensation itself. The rays 
refracted by the humours of the eye, have, when they arrive at 
the retina, directions quite different from those which they had 
when they reached the cornea ; yet, in thought, we always refer 
the object to the prolongation of this primitive direction. We 
do this, because the experience of our whole life has taught us 
that the object is found in this direction. This result of experi- 
ence becomes associated with the sensation, as an invariable 
consequence, and the mind draws the inference instantaneously. 
Accordingly, a deception is practised, when the same artificial 
indications are exhibited, without the intervention of real objects. 
Thus objects, seen by reflection from a plane mirror, appear to 
be situated beyond its surface, although reason and experience, 
but an experience subsequent to the first lessons of our senses, 
apprise us of the error. This principle offers a simple and na- 
tural explanation of all the optical illusions, which are produced 
by glasses and mirrors. 

225. When we look at objects with only one eye, and are not 
previously apprised of their distance, we suppose them at the 
vertex of the luminous cone, which has the opening of the pupil 
for its base, and for its vertex some point of the object. Ac 
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cordiDgiy, Uus etlimate is only so far just, as the objects are ^ffi* 
dently near to aliow the an^ of divergence of the rays which 
fionn the cone, to be sensible. When we look with both eyes at 
once, the same principle leads us to suppose the object placed 
at the point of meeting of the pencils which arrive at the two 
eyes, and which is the common vertex of the cones of which 
we have been speaking. Then the basis of measurement is 
the space between the eyes. It is therefore greater than in the 
preceding case. Accordingly, this estimate is much more correct 
thdn the other, as we may easily assure ourselves by observing 
the difficulty of threadmg a needle when we look at it with only 
one eye, while nothing is easier when we look at it with both. 
But in order to see images single, it is necessary that they 
should fall upon corresponding parts of the retina, where we 
are accustomed to see them when they come from the same ob- 
ject. If we press the eye a little sideways with the finger, we 
immediately see two images, one at the same place with the 
former, and the other on one side of it in the direction in which 
the pressure has carried the eye. But if we keep up the pres* 
sure for some time, this secondary image becomes faint and final- 
ly disappears, and we again see the image single at the same 
place as before. 

236. Experience teaches us that such pressures, when sudden 
and violent, produce tremors in the optic nerve from which results 
the sensation of light. This sensation may also be excited or 
destroyed by contrast. If, for example, the eye has been fixed 
for some time upon an extended space of a uniform colour, it 
seems afterward to abstract this colour, when it is directed to 
any other object ; and we thus see a spot on this object, the 
colour of which is complementary of that upon which the eye 
had been resting ; that is, it is composed of those rays from the 
object, which did not make a part of the first colour. These ap- 
pearances, produced by contrast, are designated by the name of 
^iccidental colours. 

227. Sometimes also, we observe in luminous objects, certain 
deceptions of another kind ; namely, stripes tinged with the 
colours of the rainbow, or bright bales of divergent beams. 
These effects are produced by the decomposition of light in the 
small humid drops, which are accidentally lodged between the 

ppt. 28 
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eye-lashes ; and likewise by the diffraction which the eyelashes, 
ill consequence of their fineness, exert upon the luminous rays. 

220. The instrument of vision, so wonderful in man, is far 
from being confined to him. In bestowing it upon the drfferenl 
orders of animals, nature has varied the structure in certain par- 
ticulars, either by suppressing some parts which would be use- 
less in the situations in which ihe subject is placed, or by adding 
others more suitable to its condition. At other times, she has 
pursued a plan entirely new, the reasons of which we are totally 
unable (o explain. In connexion with this topic, I will cite 
a few general results extracted from the lectures of M. Cuvier, 
on comparative anatomy. 

229. All red-blooded animals have eyes constructed on the 
general plan of the human eye, but with more or less consider- 
able modifica Lions. 

Among quadrupeds, many have the pupil during the day, in 
the form of an oblong opening; but, during the night, the iris 
contracts and the pupil enlarges into a circular form, having a 
much greater aperture. This is to be observed in the ox, tht 
horee, the cat. Consequently, these animals, being able to con- 
centrate a proporiionably larger number of luminous rays than 
man, can see much belter in the dark. 

The same is true of those birds which seek their prey in the 
night, as owls, &c. In general, the eye of birds occupies a 
considerable portion of the hulk of the head. It is distin- 
guished, likewise, by several other important particulars. The 
crystalline, almost gelatinous, is much flatter than that of man, 
and to make amends for this the cornea is much more con- 
vex ; it is also proporiionably smaller ; the reason of which 
undoubtedly is, to prevent the increase of the aberration of 
sphericity, that would be produced by an increase of its curva- 
ture. This smalt cornea, yerj convex, is adjusted to the cx- 
' treroity of a very short cone, which projects out before the 
Fij. HT. globe of the eye, like the tube of a small telescope. Here, as 
in man, we arc ignorant how the eye is adapted to different dis- 

Ltances. Vet what eslenl must this variation have in the eye of 
a bird of prey, which, singling out from its aerial height the 
small animal which is to be its victim, encloses it in the vast 
circles of its flight, and gradually approaching, at length pounces 
upon it with the rapidity of lightning, and transfixes it with its 
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talons and its eye, almost at the same instant. The interior of the 
eye of birds contains a peculiar organ, which may be destined 
for thb purpose. It is represented in figure 148. It b a kind 
of black veil, formed by a membrane of the same nature as the 
choroid, and plaited like a fan, except that the folds, instead of 
radiating from the same centre, come from different points of a 
common stem, which is the continuation of the optic nerve itself, 
prolonged to the interior of the eye, and applied along its con* 
cavity. The direction of this membrane is oblique to the axis 
of the eye, and floats in the interior of the vitreous humour, 
extending nearly to the back part of the crystalline, to which 
it sometimes appears attached as by a thread, which connects 
the extremities of its folds. Naturalists have given It the name 
of comb. From its vascular structure, and the number of blood 
vessek which chequer it, may it not be designed, by its swelling 
and collapsing, to push out and draw in the posterior cavity of 
the eye, in such a manner as to change, by pressure, the curva- 
ture of the crystalline, or its distance from the retina, in order to 
accommodate it to the different distances of objects f 

230. The eye of fishes, represented in figure 149, exhibits dif- 
ferent peculiarities. Destined to live in a medium, the refracting 
power of which is nearly equal to that of the aqueous humour in 
the eye of man, this fluid would not produce any refraction. Ac- 
cordingly its place is supplied by a viscid liquid, probably of ^ 
greater refracting power than pure water, the quantity beiog very 
soudl at the same time. By a necessary consequence, the pupil 
is extremely near the cornea, and this circumstance deprives it ip 
part of the properties which it possesses in man, but which are 
the less necessary here cm account of the small refraction which 
the rays experience in entering the humours of the eye from a 
watery medium. Moreover the pupil of fishes is not susceptible 
of dilatation, and the iris is usually tinged on the outside with 
the most lively colours, although on the inside it is always black. 
The crystalline, applied almost immediately to the back part 
of the cornea, is very nearly spherical. We are absolutely 
ignorant of the reason why nature has given it this form ; but it 
appears to be adapted to vision in the liquid medium in which 
fishes live ; since, in most birds which dive in the water, we find 
the crystalline in like manner spherical. In other respects, it is 
composed of concentric laminae like that of other animals. 



990 AMk^^JJiiiA 

S31, LastI j) to confomid our penetratioo, there are some ani- 
ipals whose eyesi more or less in number, are fmrmed entirely of a 
transparent and lentioiilar cornea^ behind which the nerfoua fik* 
ments expands We have an exaipple of this kuid in inaeotSv whose 
eyes are sometimes smooth and continuous ; at others tbey ap- 
pear to be cut with facets* But it appears on disseetien$ tlmlfin 
this last case, each fecei is a real eye which haa its corasawid 
particular nervous filament, proceeding from one QommoB stack 
Accordingly, this last sort of eyes has^ been denomineted com-^ 
pound, and the other smooth ; it would be more natural to divide 
them into nwAiifU and «tiiipfa« Each is always fisced m lii8ealB|< 
and makes visible only the objects whicb are brought <tf the» 
selves within its. field of view. It is impossible to conceive'hew 
such a system can produce distinct images ; but still it is very 
evident that it serves the essential purposes of vision j for if we 
cover the eyes of insects with a black envelope, . but of such a 
nature as not to injure the eyes, they become en^irdy blindi aid 
cannot avoid any of the obstacles which are in their way* WUk 
there are some which have multiple eyes, there are,«n the other 
band, whole classes of animals which have no eyes at all ; soch 
are the moluscae acepbals, zoopbites, and worms. 

332. We close this account by remarking that there are many 
animals which see when it is too dark for us to perceive any thii^. 
There can be no doubt that cats and screech-owls discover their 
prey in the night, since it is then that they seek and secure it* 
Fishes, which live at the depth ctf two or three thousand feet m 
the sea, are in a still greater degree of darkness ; for through 
the immense body of water that covers them, they can recdve 
only the most feeble portion of light. Yet it is certain that they 
see their prey and pursue it with impetuosity and effect* These, 
accordingly, as well as cats and owls, have very large ^jtA* Is 
it not possible that, in these animals, vision is produced by those 
rays, which, to our eyes, are only rays of heat? From the 
relations of light and beat, it would seem that this supposition is 
toot without probability. 
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Rtfleciionsj Rtfraciumsy and Colours of thin transparent Bodies* 

333. In all tbe phenomena hitherto examined, the thickness 
of bodies which act upon light, whether in the case of refraction, 
dispersion, or reflection, has been considered as infinite, compar- 
ed with the distance to which this action sensibly extends* The 
refraction of rajs, for example, would have taken place under 
no larger angle, if we had used thicker prisms ; and the reflec- 
tion produced at the surfaces of metallic mirrors or reflecting 
glasses, would have been exactly the same, if we had increased 
their thickness. But when the bodies are reduced to very thin 
plates, the results are different ; they reflect less light at the first 
surface, and at the second, they reflect or transmit certain col- 
ours in preference to others, according to their chemical nature, 
and their degree of tenuity. This phenomenon, exceedingly im- 
portant in its consequences, was analysed by Newton^ in a course 
of experiments which are now to be described. 

When we take two prisms of polished glass, and place one of 
them upon the other without pressing them, the small plate of 
air, which naturally adheres to their surface, ordinarily possesses 
all the thickness necessary to its complete action upon light ; for 
the phenomena of reflection and refraction through these two 
prisms and through this plate of air, obey exactly the laws 
which we have established in the preceding sections ; and if we 
separate further the two contiguous surfaces, the increased thick- 
neft of the plate of air will not lead to a different result. But 
if we rub the two prisms against each other, and press them 
together with so much force as to exclude a part of the air 
which separates them, we shall at once perceive an adhesion,* 
which is generally closer in some parts than in others, either 
because their surfaces are almost always slightly curved, or 
because the powerful pressure exerted, bends them. We thus 
obtain a plate of air thinner than the preceding, and whose thick- 
ness goes on increasing in all directions from the point where the 
surfaces applied touch each other or come nearest to touching, to 
the points where they are farthest apart. Then if we present 
the prisms to full daylight, and turn them in such manner, that 
the eycmaji^l^peive the light partially reflected at the plate of air 
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vrhich separates them, we shall perceive a greater or less number 
of coloured rings, which, when the prisms are sufficiently press- 
ed, will surround a dark spot corresponding to the point of con- 
tact, j/^ 

234. In order to observe well the order of these rings and the 
succession of their colours, it is necessary to employ prisnis of a 
small angle, so that the light which traverses them to form the 
rings, may not experience a sensible dispersion before it arrives 
at the plate of air. It is well to place these prisms over a 
dark body, in order that no foreign light from external objects 
may mingle, by transmission, with that of the rings which we 
wish to examine. We should, therefore, take our position before 
Fig, 150. an open window, turning the edge B of the upper prism inward, 
and placing the eye above this prism, in such a manner a^ to 
receive only the light reflected from the inclined surface BC, 
and avoid that which is reflected from the upper surface JlB* 
The most advantageous position is that in which rays reflected 
at the plate of air between the two prisms, traverses perpen- 
dicularly the surbice^B', while the incident light RI, which 
is partially reflected at the same surface, is directed towards Rfy 
without coming to the eye of the observer, which we suppose so 
far elevated above the plane ^B, as not to receive any of the 
rays which it reflects obliquely. Moreover, if the inferior prism 
is placed over a black body, as mentioned above, the rings will 
reflect the most vivid colours ; and the central spot, entirely dark, 
will appear like a hole pierced through the middle of them. But 
we shall distinguish them more clearly still, if we dilate them, as 
we may do, by viewing them through a simple lens, or small 
compound magnifier of a short focus. 

The rings thus formed are not produced by the light re- 
flected from the superior surface of the prisms, since this light 
does not come to the eye of the observer in the position we have 
supposed. Neither are they formed, for the same reason, at the 
inferior surface C/J^ of the second prism ; moreover, we might 
blacken this surface with India ink, or with any other substance 
capable of absorbing the light, and the rings would not suffier 
any diminution. It necessarily follows, therefore, that they are 
formed by the reflection of light between the contiguous surfaces 
of the two prisms. 
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335. The light which is transmitted through the plate of air 
also produces coloured rings, as may be easily ascertained by 
looking at the sky through the system of prisms placed at a little 
distance from the eye. This second set of rings, presents the 
same contours as the preceding, but their colours are different 
and their tints much more feeble. We shall examine them fur- 
ther, when we have attended to those which are given by re- 
flection. 

236. We cao form coloured rings, by pressing together, in 
this manner, two prisms of whatever substance. We can fortn 
them also by placing a surface of glass on a plate of resin, metal, 
metallic glass, or any other polished body. The rings continue 
to be formed, likewise, in the most perfect vacuum that can be 
produced by the air-pump* They continue, too, when we heat 
the glasses to such a degree as to soften them and solder them 
together •» If we could in this way exclude the air entirely, we 
should infer directly, that the rings were not produced by the 
proper action of the interposed plate of this fluid ; but, although 
it is physically impossible to attain this limit, yet the perma- 
nence of the phenomena, after the nearest approaches to it, evi- 
dently indicates that they would remain, even when the air was 
entirely expelled from between the two surfaces. Indeed the 
laws established by Newton, show that in this extreme case, the 
dimensions of the rings would experience only a very small 
increase, almost inappreciable by the most delicate experiments* 

It is not indeed necessary that the thin plate should be air, 
or that it should be contained between two solid bodies. A 
plate of water, of alcohol, of ether, or of any other evapora- 
ble liquid, being extended over a black glass, produces similar 
colours, when evaporation has rendered it sufficiently thin ; only, 
the thickness of such a plate always varying in an irregular 
manner, the tints thus developed, will exhibit all the irrej];u- 
larity of its undulations. We obtain the same results also with 
sheets of mica and of glass when they are sufficiently thin.* 

* Thin sheets of mica are obtained, by separating with a knife, 
the leaves of a thick sheet. In order to obtain thin sheets of glass, 
we melt with a lamp the extremity of a hollow tube of this sub- 
stance ; we then blow into it while the pxtremity is red hot, and 
force it to develope itself in a ball, which will expand until it bursts, 
on account of its thinness. 
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237. In general, whatever be the substances of which the 
rings are formed, and in whatever manner we combine them, the 
colours which they present are always the same, and arranged 
in an order precisely similar, from the least to the greatest thick- 
nesses. The only difference we find is in the absolute space 
which the colours of the several rings occupy, which changes 
with the nature of the substance and with the more or less rapid 
diminution of the thickness. Accordingly, the most natural 
method of examining these phenomena, seems to be, first, to de- 
termine the order and succession of (he colours of the rings, in a 
larainaof any substance whatever, but whose thickness varies reg- 
ularly according to some known law ; secondly, to find, for this 
substance, ihe relation which the thickness bears to the colour; 
and lastly, to compare these relations in different substances, 
and see what they have in common or how they differ. 

The order in which the colours arc arranged in the different 
rings, may be conveniently investigated, by observing those 
which are formed between two prisms, especially if we select 
those cases in which the rings arc large, and if we dilate them 
still more by looking through a magnifying glass. Nevertheless 
this process Is not susceptible of very great precision; for the 
adhesion of the prisms being commonly effected by a violent 
and irregular pressure, the rings which result from it are like- 
wise almost always irregular. Sometimes there are several 
points of pressure, and consequently, several black spots, from 
which the colours go on diminishing continually, and compose 
sets of rings which intermingle with each other. Thus, in order 
to extend our observations beyond what these first phenomena 
make known, it is necessary to employ some other apparatus, 
which will exhibit the same phenomena with more regularity. 
This wc do by placing, one upon the other, two spherical glasses 
of unequal curvatures. If the surfaces of these glasses are well 
formed, they can have only one point of contact, from which the 
space comprehended between them, goes on constantly increas- 
ing in thickness, according to the laws of geometry resultiDg 
from the difference of their radii. Moreover, the small corva- 
lure generally given to these glasses, causes the light which trt- 
verses them to arrive at the plate of air, without being seusibt/ 
dispersed. This disposition is, therefore, eminently faXr^ fcr 
taking exact measurements of the dimensions of the riD£s,'Wl 
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for comparing their tints with the corresponding thicknesses ; and 
jLhis is the disposition which Newton employed. Among all the 
possible combinations of curvature, he always had one of the 
glasses plane, and the other of the same convexity on both its 
surfaces, because this disposition afibrded the greatest facility for 
determining the curvatures with exactness ; for we can easily 
ascertain by reflection, when a glass is plane ; and we can like- 
wise determine the radius of a glass, equally convex, by meas- 
uring the distance at which it concentrates the simple rays, 
which fall parallel upon one of its surfaces. 

238. When a convex glass of a large radius is thus placed 
upon a plane glass, and gently pressed against it b order to 
establish the contact more perfectly, thb coloured rings present 
themselves immediately, and appear regular and distinct, with a 
black spot at their centre. Then each circular zone of the plate 
of air, reflects the colour which belongs to its thickness ; and 
consequently, if we gradually augment this thickness, by gently 
raising the superior glass, the colours reflected at the same dis- 
tance from the centre of the rings must change; and those 
!which at first formed rings distant from the centre, must gradu- 
ally approach it, until the thickness of the air, even at this 
point, becQming too great for them, they disappear and give 
place to others which were at first still farther removed. But 
since, at this last place where they disappear, the distance be- 
tween the glasses can only vary by degrees almost insensible, on 
account of their being tangents respectively to each other, it fol- 
lows that each colour, when brought there, must extend itself 
very widely and thus become easily distinguished. This suc- 
cession, which can be rendered as gradual as we please, aSbrds) 
therefore, st simple and exact method of determining the species 
and order of the colours which compose the series of rings. 

Newton performed this experiment with a convex glass, the 
two surfaces of which were wrought upon the same sphere, the 
radius of which was 51 feet; and by means of the results thus 
Dbtained, as well as by observations which he had before made 
with the prisms, he fixed, in the following terms, the order and 
series of tints of which the circular rings were composed. 

" Next the pellucid central spot, made by the contact of the 
glasses, succeeded blue, white, yellow, and red. The blue was 
50 little in quantity that I could not discern it in the circles made 
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by the prisms, nor could I well distinguish any violet in it, hxii 
the yellow and red were pretty copious, and seemed about as 
much in extent as the white, and four or five times more than 
the blue. The next circuit in order of colours, immediately en- 
compassing these, were violet, blue, green, yellow, and red ; and 
these were all of them copious and vivid, excepting the green, 
which was very little in quantity, and seemed much more faint 
and dilute than the other colours. Of the other four, the violet 
was the least in extent, and the blue less than the yellow or redn 
The third circuit or order was purple, blue, green, yellow, and 
red ; in which the purple seemed more reddish than the violet in 
the former circuit, and the green was much more conspicuous, 
being as brisk and copious as any of the other colours, except 
the yellow 3 but the red began to be a little faded, inclining verj 
much to purple. After this succeeded the fourth circuit of green 
and red. The green was very copious and lively, inclining oh 
the one side to blue, and on the other side to yellow. But in 
this fourth circuit there was neither violet, blue, nor yellow, and 
the red was very imperfect and dirty. Also the succeeding 
colours became more and more imperfect and dilute, till after 
three or four revolutions they ended in perfect whiteness. Their 
form, when the glasses were most compressed so as to make the 
black spot appear in the centre, is delineated in figure 151, 
where a,&, c, d, e;/, g, A, i, k; I, m, n, 0, p ; q^r ; 5, t ;v,x ; j/,z, 
denote the colours reckoned in order from the centre, black, 
blue, white, yellow, red; violet, blue, green, yellow, red; pur- 
ple, blue, gieen, yellow, red ; green, red ; greenish blue, red; 
GREENISH BLUE, palc red ; greenish blue, reddish white."* 

239« Having made these observations, Newton proceeded to 
measure the diameters of the rings, still making use of the sam? 
glasses ; but he took care now simply to put them one upon the 
other, without any pressure being exerted which might bend them 
or alter their natural curvature ; then placing his eye above the 
rings, as nearly perpendicularly as he could, he measured the 
diameters of the six first in the brightest part of their breath, 

* The colours whose names are in capital letters, are those which 
form the commencement of each ring, reckoning from the central 
spot ; and the dimmest rings are those designated in figure 151 by the 
shaded portions. 
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which, for the first and nearest the centre, was found to be 
nearly in the confines of the white and yellow ; for the Second, 
between the orange and the yellow ; for the third, at the yellow ; 
for the fourth, between the yellowish green and red ; and for 
the fifth and sixths between the greenish blue and red, always 
nearly in the middle of the space occupied by each ring. Now 
it may be readily shown by geometry, that the interval between 
two spheres, or between a plane and a sphere, which touch each 
other, increases in the ratio of the square of the distances from Top.i4i 
the point of contact. Newton took, therefore, the squares of all 
the diameters which he had measured, and by comparing these 
squares with each other, beginning with the smallest, he found 
that they proceeded according to the progression of odd numbers, 
1, 3, 5, 7, 9, ... •; whence he inferred that the thicknesses of 
the air at the places where the rings appeared to be limited by 
the diameters, were also in the same precession. 

In order to make these oinervations with accuracy, it is neces- 
9ary to place the eye as nearly as possible in the direction of 
the vertical, which passes through the centre of* all the rings, 
that we may avoid the dilatations which take place, when the 
rays are oblique to the .surface of the glasses. For the same 
reason, it is necessary to measure the diameters, not in the plane 
of incidence at which the light arrives, for this would give un- 
equal obliquities to the rays which come to the eye from the 
extremities of the same diameter ; but transversely to the direc- 
tion of incidence and perpendicularly to its plane, as represented 
in figure 152. Finally, as the diameters are measured on the 
superior surface of the glass, while the rings are actually formed 
at the inferior surface, it is necessary to take account of the re- 
fractions which they experience in traversing it, and to apply 
a correction for this effect. Newton neglected none of these pre- 
cautions ; and we shall perceive that they were indispensable, 
when we consider how extremely small the thicknesses were 
which he was endeavouring to estimate. 

240. Newton measured also the diameters of the rings in the 
dimmest parts ; which, for the first, he found to correspond to 
the middle of the central spot ; for the second, tp the dark violet ; 
for the third, to the deep blue ; for the fourth, fifth, and sixth, to 
the commencement of the greenish blue. He likewise took the 
squares of these diameters, in order to ascertain the corresponding 
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thicknesses of the plate of dir ; and h€ found that they ahsWered 
to the progression of even numbers 0, 3, 4, 6 • • • . , stand- 
ing for the central spot. Consequently, the thicknesses of the 
plate of air in the dimmest parts of the first six rings, are in 
the same progression. " And," Newton adds, "it being very nice 
and difficult to take these measures exactly ; I repeated them 
divers times at divers parts of the glasses, that by their agree- 
ment f might be confirmed in them. And the same method I 
used in determining some others of the following observations." 
Thus we sec that the mind of this extraordinary man was not 
easily satisfied. 

241. The preceding law affords already an explanation of a 
phenomenon which is readily observed in forming the rings, even 
with an object-glass whose radius is very small. It is that these 
rings approach each other according as they are further from 
the central spot, and are so much the more crowded as they are 
more distant. Indeed, since the squA*es of the diameters answer 
to the * progression of odd numbers 1, 3, 5, 7,. ... the diam- 
eters themselves will be proportional to the square roots of these 
numbers ; they will therefore form the following series, in which 
the diameter of the first ring in its brightest part, is represenied 
by unity. 

Squares of the diameters. Diameters. DiiTcrences of tlte consecutive diameters. 

1 I'OOOOO 73205 

3 1,73205 0,50402 

? If45?5 «'^«^^'« 

A VrlJl 0,35425 

9 3,00000 o!31663 

1 1 3,31663 Q 23892 

^^ 3,60555 0,^6743 

15 3,87298 ' 



101 

103 10,14890 



10,04988 0,09902 



Thus we sec that the differences of the diameters of the consecu- 
tive rings go on diminishing continually from the central spot, 
which is conformable to observation. 

242. Hitherto we have spoken only of the law, according l<> 
which the diameters of the successive rings vary; to make the 
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results coinptete, it is hecessaryto know the absolute magnitude 
of some one among them. Bjr measuring this magnitude with 
extreme care, on the glasses employed in the preceding experi- 
ments, Newton found that, for the most lucid part of the sixth 

ring, it was equal to -j-Vt ^^ ^" ^i^^^* ^^^ ^^^"^ ^i°^® after, fearing 
that he had not determined the diameter of the convex glass, 
with sufficient accuracy for so delicate an observation, he renew- 
ed the experiment with an object-glass doubly convex, whose 
two sides had been wrought upon the same sphere. The mean 
focal distance of this glass was 83,4 inches, and its ratio of re- 
fraction {i ; whence, by the formula of article 48, we have 
for the diameter of each of its surfaces 181,964, or, in whole 
numbers, 182 inches. Newton placed this convex glass on a 
plane one, in such a manner that the dark spot appeared in the 
middle of the coloured rings, without any other pressure being 
exerted than that of the weight of the glass. After this, he 
measured the diameter of the fifth dark ring, in the most exact 
manner possible, and found it precisely equal to the fifth part of 
an inch. He took this measure with a pair of compasses on the 
superior surface oi the convex glass, having his eye elevated 
about 8 or 9 inches above this surface, and nearly perpendicu- 
larly over the centre of the glass, which was } of an inch thick. 
According to this arrangement, the true diameter of the ring at 
the second surface of the glass, must be a little larger ; and it is 
known by calculation that in order to obtain it, it is necessary 
to increase the apparent diameter by -f-^ of its value, or, which 
amounts to the same thing, to multiply, jt by ^f ; and as it was 
found to be | of an inch, this augmentation makes it | . |$ or 4f 
of an inch. Whence it follows that its true radius was equal 
to half this quantity, or ■^\ of an inch. 

243. Now when a convex glass is placed upon a plane 
glass, the thickness of the air, or the distance between the 
glasses, at the perimeter of any ring, is equal to the square of 
the semidiameter of the ring, divided by the diameter of the 
sphere upon which the glass was wrought. Applying this rule 228. 
to the case in question, the semidiameter of the fifth dark ring 
being ^^j of an inch, its square will be yHx, which being divided 
by 182, the value of the diameter of the sphere, gives ^^/y^yj^ 
or YT sVttt 5 ^fasit is, ^ittV.t T ^f 8tn inch. But, from the preced- 
ing observation, the thicknesses of the air at the perimeters of 
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the different dark rings, follow . the progression 0, 3, 4, 6, 8, 
10, • • • • , where the fifth is represented by 10, and the central 
spot by 0. It is evident then, that if we take the fifth part of 
the thickness of the air at the place of the fifth ring, where 
it is as 10, we shall have its thickness at the place of the 
first ring, where it is as 2. Accordingly, the fifth part of the 
fraction t7ttt»tt9 ^^ T7I779 i^ ^^^ thickness of the plate of 
air at the perimeter of the first of the dark Tings. Newton 
repeated the same experiments on several other convex glasses 
of different curvatures, and even on portions of convex glasses 
in order to avoid the errors that might arise from inequalities 
in the formation of these glasses, and he always obtained results 
conformable to the preceding* < 

344. Now it may be presumed that these glasses were not all 
strictly similar in composition ; there must then be differences in 
their refracting power. And if, notwithstanding these differences, 
they all agreed in giving the same thickness for the same 
rings, we must conclude that the colours thus reflected by the 
several thicknesses of the plate of air, belong to these thick- 
nesses, and do not depend upon the nature of the surround- 
ing medium. We shall see hereafter that this consequence is 
general. Whatever be the reflecting substance, the tint which 
it reflects, under a perpendicular incidence, at a determinate 
thickness, is independent of the nature of the surrounding me- 
dium and the intensity of this colour is all that is variable. 

The measurements which have been stated, were taken in the 
manner indicated in figure 152, perpendicularly to the plane of 
reflection drawn through the central spot ; so that the angles of 
incidence and reflection, made by the rays falling upon the 
plate of air, were very nearly the same for the different rings. 
It only remains, then, to ascertain what these were, in order to 
determine the incidence under which the observation was made ; 
for we have already said that the rings increase in magnitude, 
according as the luminous rays become more oblique to the 
plate of air. Now Newton informs us that when he made his 
observations, his eye was elevated from 8 to 9 inches above the 
plane of the rings, and that it was 1,25 distant from the incident 
rays; hence we have by calculation for the incidence of the 
luminous rays upon the plate of air, an angle of about 4^. 
But from the laws of augmentation of the rings which have JQst 
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been established, we find that, on account of the smallness of 
this angle, *they may be .referred to the case of perpendicular 
incidence, by diminishing them in the ratio of radius to the secant 
of 40, that is, in the ratio of 10000 to 10024 ; in other words, we 
multiply them by the fraction tlHI* 1"^^ being done, the 
thickness of the plate of air at the place of the first dark ring, 
and under a perpendicular incidence, is reduced to ttItt* ^^'' 
other experiment, of which we shall not here give the details, 
makes it tttt?* '^^^ arithmetical mean is about tjiw^ ^^^ 
this is the result upon which Newton relied. Now since the first 
dark ring is represented by 3, when the first ring in its brightest 
part is expressed by 1, it follows that by taking half of tt^ttv 
we shall have, for the thickness of the air at the brightest part 

of the first ring, tttVt7 ^^ ^^ i>^cb* 

345. In general., as the thicknesses of the plate of air, at the 
brightest parts of the rings, answer to the arithmetical progression 
1,3, 5, 7, 9, while the thicknesses of this same plate, at the 
darkest parts, are as the intermediate progression, 3, 4, 6, 8, 10, 
it is evident that, the absolute thickness of the first, or of any 
one whatever of these rings being known, we can immediately 
find that of all the rest ; so that the difi*erent values of these 
thicknesses, expressed in fractions of an inch, will be for tlie 
brightest parts of the rings, 

TTTir^TTi TTTirW? TTTTW1 TTJJ-SJj 

and for the darkest parts, 

TTTo7ir> TTtVwi TTJir77? T7T7^ir« 

• 

These values relate only to a perpendicular incidence. To render 
them general, we must determine the dilatations which the rings 
undergo, by a change of inclination of the rays to the plate of 
aiir which reflects them* 

346. Nothing is more easy than to observe these variations. 
We have only to view the rings first, with the eye placed as 
nearly as possible perpendicularly to the surface, and then move 
it gradually from this posttoB in order to view them obliquely ; 
for then we see them dilate circularly on all sides. To discover 
the law of dilatation, Newton measured the diameter of the same 
ring at difierent degrees of obliquity, taking any one of the col- 
ours which compose it ; and hence he deduced the thickness of 
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the air, which reflected this colour under each obliquity. But 
to extend these measures to the greatest incidences^ where the 
visual rays fall very obliquely upon the plate of air, he was oblig- 
ed to dismiss the object-glasses and substitute prisms. For, on 
account of the small curvature of the object-glasses, the luminous 
rays which pass from the second surface into the plate of air, 
are always nearly parallel to the incident rays. In order, there- 
fore, that they may fall very obliquely upon the plate of air, 
it is necessary that the visual rays should have very nearly the 
same obliquity to the surfaces of incidence. Then the curvature 
of the upper glass deranges the rings ; and on this account, as 
well as the unfavourable position of the eye, the measurement of 
the diameter becomes difficult and uncertain. We can avoid 
these sources of error, by forming the rings between prisms, by 
means of refracted light, which, entering at one surface and 
emerging at the other, may thus be brought into the thin plate 
under the greatest incidences. But to avoid the effects of dis- 
persion, it is necessary that this light should be simple and ho- 
mogeneous. I have given a detailed account of this process in 
the Traiii de Physique. I will only remark here, that by combin- 
ing the results of this method, with those obtained by means 
of object-glasses, Newton composed the following table, which 
extends to all possible angles of emergence from the plate of air, 
from to 90°. 
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247. The two first columns need no explanation; only it may 
be remarked that, from the manner in which the observations 
are made, the angles of incidence and emergence may be 
reckoned indifferently, on the incident or refracted ray. For, 
the measures of the rings being taken from .^ to JIf, on the pig, 153. 
transverse diameter perpendicular to the central plane of inci- 
dence OC£r, the visual rays which limit them at these extrem- 
ities, traverse the two surfaces of the plate of air^* at points 
where their tangents are sensibly parallel. Hence it follows, 
that the observations of Newton, although made upon curved 
plates, belong really to plates of equal thickness. But still we 
may apply the results to curvtd plates, when the curvatures of 
the surfaces, at the points where the luminous ray traverse3 
them, differ so little, that the angles of incidence and emergence, 
measured upon one or the other, shall not give, according to the 
table, sensible variations in the diameters of the rings. This 
would be the case, for example, in the thin plates of air, com* 
prehended between object-glasses of very slight curvature, even 
when the measures of the rings formed by them, were taken 
upon the diameter situated in the plane of incidence ; only it 
would be necessary to apply different corrections to its two ex- 
tremities, in order to make allowance for the unequal incidence 
of the rays at these points. 

2;^8. The third column of the table expresses the successive 
diameters which the same ring takes when seen under differeqt 

Opt. 30 



334 Amljisis of Light. 

obliquities, its diameter when the incidence is perpendicalar, 
being represented by 10, The last column, formed of the squares 
of the third divided by 10, expresses the succ^ive thickdesses 
of the plate of air, where this same ring is reflected under the 
different obliquities, 10 representing the thickness at which it is 
reflected under a perpendicular incidence. This table is general 
for all the rings, whatever be their distance from the central 
spot ; for, by a very remarkable property, the proportion accord- 
ing to which the diameters of the several rings increase, is inde- 
pendent of the rank which they occupy, and the particular tints 
they reflect. 

S49. This table shows that the same colour is successively 
reflected at a greater thickness, as the incident rays become 
more oblique ; consequently, if we observe the same point of the 
plate of air successively under the different obliquities, the col- 
ours which pass through this point will be those which before 
were reflected by less thicknesses. Thus it may be said, that by 
rendering the incident rays more oblique to the plate of air, we 
produce the same effect as if this plate were rendered thinner. 

In order to make a correct and advantageous use of these 
results they must be reduced to an algebraic formula, which 
shall express them, if not rigorously, at least with suf&cient ex- 
actness for observation. Newton has done this, and the formula 
may be seen in the Traiti de Physique. 

•The rings being thus concentric, it is evident that the absolute 
dilatation of the diameter of each ring by reason of the obliquity, is 
less, in proportion as this ring is nearer the central spot ; so that 
the contiguous rings, by being thus dilated, must be rendered 
more conspicuous and more distinct, as observation in fact shows. 

250. According to the same law, the dilatation ought to be 
strictly nothing, only in the middle of the central spot, where 
the glasses touch each other ; in fact, we observe a slight yet 
sensible dilatation, in the perimeter of the central spot, when 
we view it very obliquely. Now, when it is thus extended, it 
encroaches upon the parts of the plate of air, which, under a 
perpendicular incidence would reflect the tint approaching near- 
est to the black, that is, white. Consequently, the reflection 
from the plate becomes nothing at these points, without having 
its thickness completely annihilated. Accordingly, whea wc 
view the glasses at any other inclination whatever, and even 
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undeif a perpendicular incidence, we must perceive that the total 
transmission takes place, not only at the precise point where the 
glasses touch each other, but also at some distance about this 
point. This furnishes a reason why, when the contiguous glasses 
are very slightly curved, whatever be the perfection of their 
sphericity in other respectp, the extent of the dark spot ordina- 
rily exceeds considerably, that which we should reasonably 
ascribe to the point of contact. This result, apparently so tri* 
fling, is in reality very important; for it seems to contradict 
directly the theory of the propagation of light by undulations^ 
since according to this theory, the reflection could never be- 
come nothing at the centre of the rings, except when the thick- 
ness of the plate at this point becomes nothing also. Euler, 
one of the warmest advocates for the theory of undulations, was 
well aware of this objection, and his only expedient for removing 
it was to say that it was not constant, and that Newton might 
possibly have been deceived in his observation. 

251. Hitherto we have considered only the rings produced by 
reflection ; it now becomes necessary to attend to those produced 
by transmission. In this case the central spot is white, sur^ 
rounded by a blackish circle, to which succeeds another white cir- 
cle, and then various other circles differently coloured. But these 
colours are much fainter than those produced by reflection, and 
it is difficult to distinguish them accurately, unless the incident 
rays are considerably inclined to the plate of air, for the pur- 
pose of augmenting their brightness. Newton observed them 
through his large object-glasses, and found them to be in the fol- 
lowing order, beginning at the white central spot ; white, yellow- 
ish red, black, violet, blue ; white, yellow, redy violet, blue ; 
OREBN, yellow, red ; bluish o&een, red ; after which the degree of 
colour becomes insensible. The first yellowish red, intermedi- 
ate between the white central spot and the blackish ring, was so 
pale and so little different from white, that it could hardly be 
discerned. The same is the case with respect to the first blue, 
which surrounds the dark central spot, in the reflected rings, as 
was noticed in the first observations upon these rings. 

252. By comparing the order of these- tints with those given 
by the reflected rings, we find that they are complementary. 
For example, the white central spot is complementary to the 
black central spot of the reflected i;ings, and thus it is formed by 
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the light which traverses the air in this place, without andergih 
ing any reflection at its second surface. In like manner, the 
blackish circle which surrounds the yellowish red, is the neces* 
sary consequence of the white circle which surrounds (he dark 
spot in the reflected rings ; and one of these circles must be the 
opposite of the other, because it is formed of the portion of white 
light which escapes reflection at this place. Accordingly, the 
dusky circle formed of transmitted light will become darker, 
according as the reflection from the thin plate is greater ; and 
it would be completely black if the reflection could be total. 
But this extreme case never exists ; for in all transparent bodies, 
with whatever medium we surround them, the reflection which 
takes place under a perpendicular incidence is always very faint. 
The opposition of the successive rings is also indicated by the 
order of the colours, which are found to be complementary to 
each other in the two series. Moreover, Newton has directly 
established this opposition, by measuring the diameters of the 
transmitted rings in their brightest and dimmest parts. He has 
represented the efiect of it in figure 154, where AB and A'Bf are 
the surfaces of the glasses, one plane and the other spherical, 
touching each other at C. The dark lines, drawn between the 
two, are their distances from each other in arithmetical progres- 
sion ; the colours written above are seen by reflected light, and 
those below by transmitted light. 

253. We have as yet considered only the coloured rings pro- 
duced upon the plates of air comprehended between two glasses. 
We have determined by exact measurement, the thicknesses at 
which they are formed, as well with a perpendicular incidence, 
as with oblique incidences. But in order to attain to more gen- 
eral notions respecting this phenomenon, let us consider it as 
exhibited in other substances, for instance, in the plates of water. 
To form these plates in the most simple manner, Newton first 
adjusted together two object-glasses, one plane and the other 
convex, as if he had been going to form coloured rings in a thin 
plate of air; and when the rings appeared, he slightly wetted 
the borders of the glasses without deranging them. The water 
immediately insinuated itself between them by the effect of capil- 
lary attraction, and gradually displacing the air, took the form 
of the space interposed between the glasses. Thus a thin plate 
of water was produced between two surfaces of glass, and 
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coloured rings appeared in this, as they had in the plate of 
air the order was the same as well as the arrangement of the 
colours, but their tints were darker and of less extent. Newton 
measured their diameters in the brightest parts ; and the squares 
of these diameters answered to the arithmetical progression of 

odd numbers 1, 3, 6, 7 He measured them also in the 

darkest parts, and in this case their squares are in the progres- 
sion of even numbers 0, 3, 4, 6 • • • . , precisely as in the case 
of air. But the diameters of the rings of the same rank were 
smaller than those of the plate of air, in the proportion of 7 to 
8 ; whence it follows that the corresponding thicknesses which 
are proportional to the squares of the diameters, were to each 
other as 49 to 64, or nearly as 3 to 4, that is, in the ratio of the 
sine of incidence to the sine of refraction, when light passes from 
water into air ; and perhaps, adds Newton, we may lay it down 
as a general law, that if other substances of whatever nature, 
are interposed between the two glasses, the thicknesses at which 
the same rings are formed, will be proportional to the smes of 
the refractions which the rays undergo in these substances, when 
they enter them under the same incidence ; so that each ring 
will require a thickness so much the smaller, as the interposed 
substance exerts a greater refracting power. 

254. In all the preceding experiments, the thin plates of water 
and air, comprehended between two surfaces of glass, have beeii 
surrounded by a medium of a greater refractmg power than 
themselves. To render these observations complete, it remains 
to examine the colours produced under opposite circumstances ; 
that is, when the plate has a greater refracting power than 
the surrounding medium. This is the course pursued by New- 
ton ; and with this view, he examined particularly the colours 
produced in soap bubbles, thus rendering subservient to import- 
ant discoveries, what had before been considered only as a child- 
ish amusement. 

Newton condescended not only to direct his attention to these 
bubbles, but he employed his ingenuity in forming thmi, in such 
a manner that they might become the subject of exafif observa- 
tion. This requires certain precautions. In the first place, we 
dissolve in dbtilled or rain water, a piece of solid soap of the 
best quality, and in such quantity that the solution may not be 
tH>mpletely saturated. This being done, we dip into it the ex- 
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treoiity of the bowl of a pipe or a g}as8 lubei •VFhkh ib capable 
of detaching a small column of the liquid bj virtue of capSbiy 
attraction ; we then withdraw the tube^ and after baviag wiped 
the outside, we blow into it gently from the other end. Tbe liquid 
column, yielding to this pressure, expands, and as the viscidity of 
its parts prevents them from separating, it swells into a ball which 
adheres to the lower extremity of the tube by one of its poiati* 
Then, if we cease blowing, and leave the tube open, the capil. 
lary attraction which it exerts upon the water of the ball, Uh 
gether with the pressure which the ball itself exerts upon iti 
own surface, will cause it gradually to contract, and at length to 
return entirely into the tube. But we can avoid these varia* 
lions, either by closing up the tube with soft wax, to prevent tbe 
air from escaping, after the ball is blown, or by not suspending it 
from the tube, and leaving it to float freely on the surface of tbe 
solution* When we employ this last method, it is necessary that 
the vessel containing the solution, should be sufficiently large to 
prevent the capillary action of its sides, from giving to the liquid 
surface a sensible curvature. It is also necessary that the V(^ 
should be filled completely to the edges, for otherwise the bub- 
ble would be drawn insensibly towards them and would be bro- 
ken against them. But all these precautions will not avail, if 
we leave the bubbles exposed to the free air ; for this fluid, being 
always agitated, disturbs by its motions, the regularity of their 
equilibrium, and accelerates, by drying, the evaporation of the 
film of water of which they are composed, and they would 
very soon burst. In order to give them greater durability and 
observe them in a constant and tranquil state, it is necessary, if 
ng. 155. y/nQ ^ish to let them hang at the end of the tube, to introduce 
this, charged with the liquid, into a receiver of thin glass, the 
upper orifice of which is closed by a perforated stopper fixed 
about the tube and removed and replaced with it. Then we blow 
up the bubble within the vessel, and if we close up the tube with 
wax, it may be kept sometimes for whole hours, without having 
its volume sensibly varied. In this disposition, the liquid tend- 
ing always to flow towards the bottom of the bubble, the greatest 
thickness will be toward this part ; and departing from this, the 
film gradually diminishes in thickness as we approach the top 
until within a small distance from its point of suspension, where 
the capillary action of the tube occasions a new increase of thick- 
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ness* This last cause of inequality does not belong to the first 
method^ in which we let the bubble swim freely on the surfece of 
the solution; in this case it is perfectly hemispherical, and the 
diminution of thickness, being determined by its weight alone, 
-continues from the bottom to the top with the most perfect regu* 
larity. Newton adopted this method of presenring the bubbles, 
always taking the precaution to cover them with a receiver of 
thin transparent glass, to preserve them from the action of the 
air. In order to observe them conveniently, it is necessary to 
jdace the apparatus before an open window, where we can see 
a great extentof horizon, and receive by reflection, the white 
light of the sky. Moreover, that no foreign light may mix with 
this reflection, the interior of the vessel containing the solution 
must be of some dark colour ; and lastly, a black cloth must be 
hung up beyond the bubble, on the side opposite to the eye, to 
intercept the luminous rays coming in this direction from extei^ 
nal objeotSi which might otherwise traverse the bubble and 
arrive at the eye along with the reflected rays whkh we wish to 
observe* When the whole is thus disposed, we observe on the 
bubble several concentric horizontal rings, the colours of which 
are very lively and disposed with perfect regularity. They 
first appear on the summit of the bubble where the thickness is 
least ; but according as the water subsides towards the bottom, 
the film grows thmner, the rings are seen to dilate gradually 
and extend over, the whole surface. After the difierent sets of 
colours have thus appeared successively at the centre of the 
rings, a black spot is formed there, at first very small, but which 
gradually dilates in its turn, till at length the bubble bursts, and 
in this manner it always terminates. As these colours are more 
iivid and more extended than those which are produced by thin 
plates of air, we can better distinguish their order, succession, 
and diflferent species. This observation^ one of the finest with 
which the physical sciences have made us acquainted, is of indis- 
pensable importance, in order that we may become familiar 
wkh the peculiar chatacteristics of each tint, that we may un- 
derstand perfectly their succession, and that we may be able to 
fellow out the laws unfolded by Newton in the manner in which 
they naturally present themselves. 

255. Setting out from the lowest, and consequently the thick- 
est part of the bubble, and ascending to the highest, which is 
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also the thinnest, we observe, simultaneously or in succession, 
seven distinct series of colours, in the following order ; namely, 
RED, blue ; RED, blue ; red, blue ; red, green ; red, yellow, green, 
blue, purple ; red, yellow, green, blue, violet; red, yellow, white, 
blue, black. The number of these series, the manner in which 
their colours succeed each other, the very space occupied by 
them, every thing is similar to what we have already observed in 
thin plates of air and water comprehended between two glass 
surfaces. 

256. " The three first successions of red and blue were very 
dilute and dirty, especially the first, where the red seemed in a 
manner to be white. Among these there was scarce any other 
colour sensible besides red and blue, only the blues (and prin- 
cipally the second blue) inclined a little to green. 

^^ The fourth red was also dilute and dirty, but not so much as 
the former three ; after that succeeded little or no yellow, but 
a copious green, which at first inclined a little to yellow, and 
then became a pretty brisk and good willow green, and after* 
terwards changed to a blueish colour; but there succeeded 
neither blue nor violet. 

" The fifth red at first inclined very much to purple, and after- 
waixls became more bright and brisk, but yet not very pure. 
This was succeeded with a very bright and intense yellow, 
which was but little in quantity, and soon changed to green ; bat 
that green was copious and something more pure, deep, and 
lively, than the former green. After that followed an excellent 
blue of a bright sky colour, and then a purple, which was less 
in quantity than the blue, and much inclined to red. 

"The sixth red was at first of a very fair and lively scarlet, 
and soon after of a brighter colour, being very pure and brisk, 
and the best of all the reds. Then after a lively orange followed 
an intense bright and copious yellow, which was also the best 
of all the yellows, and this changed first to a greenish yellow, 
and then to a greenish blue ; but the green between th€ yellow 
and the blue, was very little and dilute, seeming rather a green- 
ish white than a green. The blue which succeeded became 
very good, and of a very fair bright sky colour, but yet some- 
thing inferior to the former blue ; and the violet was intense and 
deep with little or no redness in it. And less in quantity than 
the blue. 
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^ In the last red appeared a tincture of scarlet next to vioIet| 
\vhich soon changed to a brighter colour, inclining to an orange ; 
and\he yellow which followed was at first pretty good and live- 
ly, but afterwards it grew more dilute, until by degree it ended 
in perfect whiteness. And this whiteness, if the water was very 
tenacious and well tempered, would slowly spread and dilate 
itself over the greater part of the bubble; continually growing 
paler at the top, where at length it would crack in many places, 
and those tracks, as they dilated, would appear of a pretty good, 
but yet obscure and dark sky colour ; the white between the 
blue spots diminishing, until it resembled the threads of an irreg- 
ular net-work, and soon after vanished and left all the upper part 
of the bubble of the said dark blue colour. And this colour, 
after the aforesaid manner, dilated itself downwards, until some- 
times it hath overspread the whole bubble. In the mean while 
at the top, which was of a darker blue than the bottom, and 
appeared also full of many round blue spots, something darker 
than the rest, there would emerge one or more very black spots, 
and within those other spots of anintenser blackness ; and these 
continually dilated themselves until the bubble broke. 

^I£ the water was not very tenacious the black spots. would 
break forth in the white, without any sensible intervention of the 
blue. And sometimes they would break forth within the prece- 
dent yellow, or red, or perhaps within the blue of the second 
order, before the intermediate colours had time to display them- 
selves. 

257. " By this description you may perceive how great an 
aflSnity these colours have with those of air ... , although set 
down in a contrary order, by reason that they begin to appear 
when the bubble is thickest, and are most conveniently reckoned 
from the lowest and thickest part of the bubble upwards. 

" Viewing in several oblique positions of my eye the rings of 
colours emerging on the top of the bubble, 1 found that they 
were sensibly dilated by increasii^ the obliquity, but yet not so 

much by far as those made by thinned air For there 

they were dilated so much as when viewed most obliquely, to 
arrive at a part of the plate more than twelve times thicker 
than that where they appeared when viewed perpendicularly ; 
whereas in this case the thickness of the water, at which they 
arrived when viewed most obliquely, was to that thickness which 
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exhibited them by perpendicular rays, something less than as 
8 to 5. By the best of my observation it was between 15 and 
15| to 10; an increase about ^4 times less than in the other 
case. 

^^ Sometimes the bubble would become of an uniform thick- 
ness all over, except at the top of it near the black spot, as I 
knew, because it would exhibit the same appearance of cobon 
in all positions of the eye. And then the colours which were 
seen at its apparent circumference by the obliquest rays would 
be different from those that were seen in other places, by rays 
less oblique to it. And divert spectators might see the same 
part of it of differing colours, by viewing it at very differing obli- 
quities.'' 

258. By observing, in this manner, the tints at diffeient places 
on the bubble, under a perpendicular incidence, and by compar- 
ing them with those of the same rank and the same nature, ob- 
served on a thin plate of water or air comprehended between 
two glasses, Newton was enabled to deduce the relative thick- 
nesses of the bubble in its different parts. Then, by considering 
the different parts to which the same tirt withdrew, when follow- 
ed under different obliquities, he was enabled to deduce the 
thickness of the water, which belonged to it under different obli- 
quities. B7 these observations, together with various others, 
conducted on the same principles, he constructed the following 
table, analogous to that which he had formed for the thin plate of 
air. 



incidence of the rays 


Refractioa of the rays in 


Thickness of the 


upon the water. 


passing into the water. 


water. 


0^0' 


0° 0' 


10 


15 


11 11 


lOJ 


30 


22 1 


lOi 


45 


32 2 


11} 


60 


40 30 


13 


75 


46 25 


Hi 


90 


48 35 


15^ 



The two first columns express the obliquities of the rays to the 
surface of the water; that is, their angles of incidence and re- 
fraction ; the calculation is made upon the supposition that the 
sines of these angles are to each other as 4 to 3, in the same 
manner as if the water were pure, though probably the soap 
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which is dissolved in it, slightly modifies its refracting power* 
In the third column, the thickness of the bubble, by which any col« 
our whatever is produced, is exjM'essed in parts of which 10 com*' 
pose the thickness proper to produce this colour, when the rays 
are perpendicular. We see by this table, that the same colour 
is successively reflected at a greater thickness, according as the 
incident rays become more oblique; and consequently, if we 
were thus to observe the colours on a lamba whose thickness 
is constant, according as the obliquity increases, the limits would 
contract towards the centre of the rings, as if the lamina became 
thinner. 

Not only are these results analogous to those obtained, article 
246, for thin plates of air, but they may be connected together 
by the same law ; we have only to change the constant ratio of 
the sine of incidence to the sine of refraction, which was ^^ 
when the light passed from the glass into the air, and which is 
found equal to |, according to Newton, when the light passes 
from the air into water, as we here suppose. With this single 
change we find all the numbers of the table. This agreement is 
a new and very striking confirmation of the identity which exists 
between the phenomena of colours produced on thin laminae of 
water surrounded by air, and those produced on thin plates of 
air or water comprehended between two object-glasses. 

269. Analogous variations are observed in the colours which 
are reflected from thin sheets of glass blown by means of a lamp 
to the point of bursting, and from the leaves of mica reduced to 
an extreme degree of tenuity. For if we place such sheets 
horizontally over a black ground, and observe the reflection of 
white light from the sky under difierent incidences, by raising or 
lowering the eye, we find that their colours also change, and 
change in the saihe manner as those of the plates of air or. water, 
when we observe the orders of the rings, which arrive succes* 
sively at the same distance from the central spot, and conse* 
quently at the same thickness. But as the range and extent of 
these variations are much less in plates of water than in those of 
air, for equal changes of incidence, on account of the great dif- 
ference of refraction which the rays undergo ; so they are also 
a little less in glass and mica than in plates of water, because 
these substances refract a little more strongly than water. Simi« 
lar variations also, but. so feeble as to be ahnosC ijisensible, are 
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dbservcd in the colours which appear on oxydabk metalS) pai^' 
ticularly polished steel and copper, when they have been heated 
in the open air. And this is what we should expect, for the 
metals are then covered with a thin lamina of oxyd, which, as it 
has less action upon light than the pure metal, on account of the 
small refracting power which oxygen has been found to possess, 
must produce a reflection, although it is applied to the surface of 
the metal, and consequently exhibit colours, if it is sufficiently 
thin. Moreover^ these colours must vary very little with the 
incidence, because they are produced by a substance whose ac- 
tion upon light is very powerful. We are even able to calculate 
the limits of these variations^ when the ratio of refraction of the 
lamina is known ; and observation is found to verify the calcu- 
lation. If the ratio of refraction is not known, we can deduce it 
from this comparison, and hence obtain likewise the thickness of 
the laminae which reflects this or that colour. We shall hereafter 
attend to these applications. 

260. So perfect an identity of results, for substances and re- 
fractions so different, evidently proves that the order of the 
fings, their arrangement, and the nature of their tints, are sub- 
ject to the same laws in all kinds of laminae. The only differ- 
ence is in the absolute value of the thickness at which they are 
formed, and io the more or Jess rapid variations they experience 
from the obliquity of incidence of the luminous rays. Their 
general laws are thus completely known to us ; but there are 
still compound laws, because the phenomena themselves are com- 
pound. Indeed all the experiments hitherto related, having been 
made with white light from the sky, which contains all sorts of 
i;ays unequally refrangible, the variety of tints which result from 
it at different thicknesses, shows that reflection does not take 
place equally at each thickness, upon all the kinds of rays. 
Hence, in order to have a complete analysis of the phenomena, 
we must enter into a particular examination of the rings formed 
by each kind of rays. When the law of these elementary re- 
sults is ascertained, we can deduce from it the effects produced 
by the mixture of all (he rays which compose white light, and 
thus recompose the phenomenon after having decomposed it. 

This is precisely what Newton did. He recommenced in a 
dark room, his experiments upon the thin plate of air contained 
between two glasses. Having decomposed a ray of white light by 
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the prism, in order to obtain the different simple rays, he caused 
them to fall one after another, upon a sheet of white paper, which 
reflected them by radiation in all directions, and he placed his 
eye in such a manner as to be able to view the coloured paper 
by reflection in the glasses, and in the intermediate plate of 
air. In this manner he discovered the following phenomena, 
which he established in all their particulars, with the greatest 
care, and which we shall describe in very nearly the same 
terms he employed* 

261. (1.) Each simple ray produced rings of its own colour, 
either by reflection or by transmission. The rings were entirely 
red in the red light, yellow in the yellow light, and so on. 

(2.) In each species of light, the reflected rings were separated 
by dark intervals, which rendered them much more distinct than 
if they had been in open day, and enabled him to discern a much 
greater number of them. They approach each other more and 
more, according as they are more distant from their centre, 
which forms the first and innermost of the dark rings. 

It Ls to be observed, that Newton does not say that these in- 
tervab between the bright rings, seen by reflection, were bhuJc^ 
but dark. Indeed, in order that he might be able to see 
them absolutely blacky the first and second surface of the glass, 
situated on the side of the eye, must have reflected no light at 
all. This complication of reflection is inevitable ; it would take 
place, even if we should employ a single thin insulated lamina, 
since the first surface of such a lamina would still produce a 
partial reflection, the effect of which would reach the eye at the 
same time with the light of the rings. It is proper to separate 
here what the experiment necessarily unites ; but this remark 
may enable us to appreciate the scrupulous fidelity which Kew* 
ton always observed in his enunciations. 

(3.) The dark intervals which separate the luminous reflected 
rings, form in their turn luminous rings when seen by transmis- 
sion ; and there were among them dimmer intervals corresponding 
to the places at which the light was most abundantly reflected. 
Still these dim spaces were not perfectly black, because the 
reflection from the plate of air was far from being total, even in 
the most brilliant part of the reflected rings ; and the same is true 
of all thin transparent laminae of whatever substance, as has been 
before remarked* 
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(4.) By examining the luminous reflected rings, Newton found 
that they were not formed of simple mathematical lines ; each of 
them occupied a certain circular space, in which the intensity of 
the light went on diminishing indefinitely from the middle in both 
directions. 

(5.) By measuring the diameters of the reflected rings in .the 
brightest parts of their breadth, he found that, for each particular 
species of rays, the squares of these diameters answered to the 
arithmetical progression of odd numbers 1, 3, 5, 7, • • • • ; con- 
sequently the thicknesses of the laminae, at the perimeters of 
the successive rings, formed also a similar progression ; for the 
thicknesses are proportional to the squares of the diameters* 
When the glasses were illuminated by the most brilliant part of 
the spectrum, which corresponds to the limit between the yellow 
and the orange, the absolute diameter of the sixth ring was 
found to be very nearly the same, as he had before found it in 
the experiments made in open day, when he measured it at the 
brightest point of the compound ring. 

(6.) By measuring also the diameters of the dark rings, com- 
prehended between the bright ones just mentioned, he found that 
for each particular species of rays, the squares of the diame- 
ters answered to the arithmetical progression of even numbers 
2, 4, 6, 8, ... . ; and consequently the thicknesses of the air at 
the perimeters of these rings were in the same progression. 

(7.) By other measurements taken upon the transmitted rings 
it was found that their brightest parts corresponded to the darkest 
intervals between the reflected rings, and reciprocally that their 
darkest parts corresponded to the brightest parts of the reflected 
rino;s. Hence we see, that in the transmitted rings, the thick- 
nesses of the air, in the bright parts, answer to the progression 
of even numbers 2, 4, C, 8, .... , and in the dark parts, to the 
progression of odd numbers 1, 3, 5, 7 .... . 

(8.) The absolute dimensions of the same ring, or rather of 
rings of the same order, were different in the different colours. 
Thus the exterior diameter of the fifth ring, for example, when 
it was formed by the first degrees of extreme red, was greater 
than that of the same ring, when formed of the rays which com- 
pose the middle red; and this last was greater than when the 
ring was formed of the first rays of the orange, and so on in the 
order of refrangibility of colours to the violet, which formed the 
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smallest rings. The width of the rings at their perimeter, 
that is, the extent occupied by all the degrees of their light, dif- 
fered, in a similar manner, for the different colours ; it was great- 
est in the first red rays, less in those of the middle red, less still 
in the orange, and so on to the violet, where it was least of all. 

(9.) The simple rings formed of each colour, were the smallest 
possible, when the rays traversed the plate of air perpendicu- 
larly, and they increased according as the incidence became 
more oblique, conformably to the law of article 246. 

262. The preceding observations completely explain the com* 
pound phenomenon presented by rings formed of natural light. 
For this light, being only a mixture of rays of different colours 
in determinate proportions, it follows that when a beam of such 
a mixture falls upon a thin plate of air, interposed between two 
glasses, each simple ray must form rings according to its own 
peculiar laws ; and as the absolute magnitude of these rings is 
different for the rays of different colours, there roust be a separa- 
tion between them large enough to admit of their being distin- 
guished. This separation will not be so distinct as in the obser- 
vations made with simple rays, because the rings of different col- 
ours must partly cover each other, and lap the one upon the 
other, by a quantity which may be unequal in their different 
successions, m such a manner as to produce that infinity of dif- 
ferent tints, exhibited in the experiment. But although this suc- 
cessive superposition of the simple rings may, in fact, be the key 
to the phenomena, yet we cannot be assured of the fact, till we 
have measured with accuracy the absolute magnitude of the 
diameters and breadths of the different rings formed of these 
rays ; for, these being once known, it becomes a simple problem 
of arithmetic, to find the species and quantity of each simple 
colour which may be reflected or transmitted at each determi- 
nate thickness ; and, accordingly, if we calculate the effects of 
the composition of all the colours by the rules given in the for- 
mer part of this work, article 169, we shall obtain, with the ut- 
most accuracy, the numerical expressions of the intensities and 
tints which ought to exist in each point of the compound rings, 
and these results may be easily compared with those of experi- 
ment. In a word, having a glimpse of what may possibly be the 
cause of the phenomena, we now waift precise measurements in 
order to establish the fact, and convert oar conjectures into cer« 
tainty. 
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363. These measurements Newton made. He took the diam- 
eter of the simple rings of the same order, at the interior and 
exterior part of their pierimeters, considering them successive- 
ly at the limits of the different colours of the spectrum, beginning 
-with extreme' violet. According to his constant practice, he 
took care to connect these results by a mathematical law, 
which should represent them with sufficient accuracy. He thus 
found that the diameters, whether interior or exterior, were to 
each other sensibly as the cube roots of the numbers ^, ^V) 
h h h'h h ^9 which represent the lengths a musical cord 
must have, in order to produce all the notes in an octave; 
that is, if we represent by 1 the interior diameter of a certain 

rbg, when it is formed by the red rays which compose the ex- 

s 

treme part of the spectrum, y^f will express the interior diame- 
ter of the same ring, when it is formed by the rays which are 

the limit between the red and the orange ; and so on to Vfi 
which will express the exterior diameter of the same ring, when 
it is formed of the last violet rays taken at the other extremity 
of the spectrum.* Knowing the ratios of the diameters, New- 
ton took the squares of these ratios, and they gave him the 
proportions of the thickness which the plate of air must have 
at the beginning and end of the observed rings. Similar meas- 
urements, made upon the different orders of rings formed by the 
same simple colour, showed that the intervals of the thicknesses 
where the reflection took place, were sensibly equal to those 
where transmission took place ; so that if we designate generally 
by c,, the thickness of the air at the commencement of the first 
bright ring formed by any of the simple rays, this ring ends with 
the thickness 3 6,, and thus occupies an interval of thickness 
equal to 2e, ; after which comes the first dark ring, occupying 
also the same interval of thickness 2 6^; next to this in course, 



* The numbers here employed by Newton, have to each other a 
very singular relation, which was first noticed by M. Blanc. It is this ; 
if we multiply together two terras taken at equal distances from the 
extremes, for example, ^ and |, | and f , or ^ and |, we shall always 
have a constant product |, which is equal to that of the two extreme 
terms. I shall hereafter make known the remarkable consequences 
which result from this relation^ 
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comes the s^ond bright ring, commencing at the thickness 3 e^, 
and ending at the thickness de^, and so of the rest. Com- 
bining this law .of succession for the different orders, with that 
of the distribution of the different tints in the same order, we per- 
ceive that one absolute thickness, measured at the commence- 
ment, middle, or end, of any ring whatever, formed by one sim* 
pie colour, is sufficient to enable us to calculate the value of the 
first thickness e^, in relation to this colour as well as to all the 
othejrs ; and thence to deduce the limiting thicknesses 3 e,, 5 6^, 
7 e,, • . • • belonging to all the orders of rings. 

264. We can, therefore, employ for this purpose the very 
exact value obtained by Newton, for the thickness of the air, at 
the middle.of the first bright ring, formed by the rays, which 
make the limit ,between the orange and yellow ; a thickness 

which we have seen to be equal to tttVitt ^f ^^ ^^^^^9 ^^ W/ » 
taking the millionth of an inch for unity. This will be the 
value of 2 e^ for this colour; and consequently e^ will be equal 
to f ^1 or 2,80899. Upon this fundamental datum, together with 
the ratios found to exist between the difierent colours, is founded 
the following table, in which c", £*, represent the thicknesses at 
which the ring of the nth order begins and ends. 
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The results of this table may be represented by a geometrical 
construction which will enable us to comprehend the whole at 
one view. We shall explain it after the manner of Newton. 

2G5. We remark, in the first place, that the series of quantities 
Cj, £i, €j, JG,, 63, £3, • • • . , for the several colours, forms an arith- 
metical progression e,,3«i,5e,,7«,,....of which the com- 
mon difference is 2 e,, and which answers to the order of odd num- 
bers. If we wish !o represent this result geometrically, we have 
only to divide an indefinite straight line ZZ'^ into an indefinite num- Fig. 156. 
ber of parts, equal to each other and to e, , and mark the succes- 
sive points of division by the numbers 1, 3, 3, 4, 5, 6, . • • • • 
Then from the thickness to the thickness Z 1 = c,, the rays 
of this colour will be transmitted ; from the thickness Z 1 to the 
thickness Z 3, they will be reflected ; from Z 3 to Z 5 they will 
be transmitted*, and thus they will be alternately transmitted 
and reflected through the whole extent of the straight line ZZ\ 
The maximum of reflection will take place in the thicknesses 
Z 2, Z 6, Z 10, • • • • which answer to the arithmetical progression 
of odd numbers 1, 3, 5, 7, • • • . ; and the maximum of transmis- 
jsion will take place at the thicknesses Z 4, Z 8, Z 12 . • • , which 
answer to the progression of even numbers 0, 3, 4, 6, • . • • ; so 
that if we wish to know what effect will be produced by any 
given thickness represented by ZJT, we have only to apply this 
length along the straight line ZZ^^ beginning at Z ; and the point 
X where it falls in the direction ZZ'^ will show whether it will 
produce reflection or transmission, and to what oixler of rings it 
belongs. 

But this construction upon a single straight line is applicable 
only to rays of a single colour, and indeed only to those of this 
colour which belong to a determinate part of the spectrum. To 
render it general, it is sufficient to remark that the values of c^ 
and En for the different colours, when n is the same, are propor- 
tional to the values of c, which belong to these colours; and 
consequently we can represent them by the ordinates to a straight 
Ime, of which the c,5, are abscissas. This is the object of the 
following construction given by Newton. 

Upon an indefinite axis CZR^ take from any point C the Fig. 157. 
abscissas CZ, CF, CI, CB, CG, CF, CO, CR, proportional to 
the numbers 0,6300 ; 0,6814; 0,7114 ; 0,7631 ; 0,8255 ; 0,8855 ; 
0,9243 ; 1 : which, according to experiment, express the ratios of 
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the different values of e, for the limits of the seven principal col- 
ours of the spectrum. Then, through the points Z, F, /,•••• i2, 
the extremities of these abscissas, and perpendicularly to the axis 
CZR, draw the indefinite ordinates ZZ^ W, • • • • RR^i and, 
taking on the first a length Z 1, equal to the value of e, for the 
last violet rays of the spectrum, which border on the black, 
apply this space along this ordinate successively to the points 
2, 3, 4, 5, • ... ; lastly, draw from the point C, the dotted lines 
C i, C3, C 5^ • • • • , to all the odd divisions. The intersections 
of these straight lines, with the ordinates belonging to each colour, 
will determine the values of e^ and £", at which the reflection of 
this colour begins and ends in the several orders of rings. Thos 
the spaces 11'33', 65^77', . . . . comprehended between Cl and 
C 3, C 5 and C 7, . . . . represent the intervals of thickness in 
which some reflection takes place, and the intermediate spaces 
0(y\Vj 33^55^, • • . . represent the intervals in which the incident 
light is entirely transmitted. Lastly, the trapezoids contained be- 
tween these lines and the ordinates which limit the seven divisions < 
of the spectrum, indicate the particular intervals of thickness 
which belong to the reflection or transmission of all the degrees 
of simple light, which produce the sensation of the same colour. 
For instance, the trapezoids contained between the ordinates ZZ' 
and VV comprehend all the degrees of violet ; those which are 
contained between W and IP comprehend all the degrees of 
indigo, and so of the rest. But it is necessary to add to these 
geometrical limitations, an important modification, namely, that 
the transmission is total in the places which are assigned to it, 
whereas the reflection which is at first hardly sensible at the 
limits where it commences, gradually increases till it attains 
a certain maximum, for which the thickness is indicated by the 
mean lines 22', 66', 10 10' ... .; after which it decreases again 
by the same degrees, and even in these thicknesses where it is 
greatest, it is still only partial. It should also be remarked that 
the intervals of thickness which correspond to reflection, are 
always found in nature to be a little larger than those which an- 
swer to transmission, especially in the first orders of rings. But 
Newton, who was well aware of this difference, considered it too 
small and too little susceptible of exact estimation to be worth 
regarding. 
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S66. Although in the construction of thb figure as well as the 
tabl6 which it illustrates, we have onljr had in view the reflection 
of colours by thin plates of air, they are both applicable to plates 
of any nature whatever, since we have seen already, that the 
coloured rings are formed according to the same laws in all sub- 
stances. The only variation is in the absolute values of the 
thicknesses e^, at which they are formed, which are less in pro- 
portion as the substance has a greater refracting power. We 
may, therefore, with this single modification, regard the conse- 
quences of our construction as general. 

By means of this construction, we can find at once whether a 
certain colour is reflected or transmitted at a given thickness ; 
for if we represent this thickness by ZJT, we have only to apply 
it from Z along the ordinate ZZ\ and through the point where 
X falb, draw a line XX' parallel to the axis CZR ; and then 
see whether this parallel passes through one of the spaces assign- 
ed to the reflection or to the transmission of the pr^^sed colour. 
Also, if we wish to know what sorts of colours will be transmitted 
or reflected at this thickness ZX^ we have only to observe wheth- 
er any portions of this line pass through any part of the spaces 
(KyiV^ 33^55^, .... where transmission takes place ; for these 
portions will indicate the transmission of the corresponding col- 
ours ; and on the contrary, those portions which pass through 
the intermediate spaces 1 1^33', 55^77^, • . • • will indicate a re- 
flection, which will be more abundant for each section, in pro- 
portion as the line XX' passes nearer the middle of these 
spaces, where they are traversed by the mean lines 22', 66', 
10 l(y • . . • &c. Suppose, for example, that we wish to know 
what sort of green, will appear by reflection in the third ring, at 
the place where the reflection of this colour is brightest, we mark 
on the transverse line 10 lO' the middle of the trapezoid belong- 
ing to green ; and, drawing through this point a line vmv' par^ 
allel to CZRj we find that it passes through the lower extremity 
of the space appropriated to yellow, and the upper extremity of 
the space appropriated to blue, in the same ring. But in all the 
rest of its course, the line vmi/ passes through spaces belonging 
to transmission, whence we may conclude that the species of 
green reflected at this thickness will be principally composed of 
simple green, mixed however with a little blue and yellow, but 
still cpnstituting a very good green. 
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267. We are thus enabled, by means of this figure, to explain 
in all its details, the phenomenon of coloured rings formed by 
natural light, when it is reflected by a thin lamina of air or any 
other substance; for all the simple rays which compose this 
light, entering the thin lamina together with an equal incidence, 
it follows that each must form rings there according to its own 
proper laws ; and the second surface of the lamina must reflect 
or transmit them at the same thicknesses at which it would have 
reflected or transmitted them, if the simple rays had traversed it 
separately or successively. Since then, the same thickness may 
reflect separately the rays of different species, as we have seen, 
it may also reflect them simultaneously, while it allows all the 
others to pass. Hence it follows that if the lamina is through- 
out of the same thickness, it will reflect in all its points the same 
mixture of rays, under each given obliquity ; and consequently, 
if we are at a sufficient distance to cause the rays which it sends 
to the eye from its different points to be sensibly parallel, it will ap* 
pear of a uniform colour. But if the thickness varies, the colours 
will also vary in the different points of the lamina, according 
to the thickness. Thus, when the lamina is comprehended be- 
tween two spherical object-glasses, between which the space 
constantly increases in thickness in every direction as we depart 
from the point of contact, there must be formed about this point 
an infinite number of circular rings of different shades, as we in 
fact observe in the coloured rings formed by daylight. 

268. We can even determine the order in which the colours 
of these rings must succeed each other as we depart from their 
common centre. For this purpose, it is sufficient to conceive a 
straight line, which, being at first coincident with CZR^ gradually 
removes from it, remaining always parallel to it, and passing in 
this manner through all the alternate spaces where reflection and 
transmission take place. When this line first leaves CZR, it tra- 
verses a space in which little or no reflection is produced, on 
account of the extreme thinness of the lamina ; after which it 
arrives at 1, that is, at the feeblest beginnings of extreme violet. 
But as soon as it has traversed, ever so little, the space which 
belongs to this colour, it meets also those belonging to the blue 
and green, which, with the violet will compose a blue ; then it 
will enter the yellow and red, which, with this blue, will com- 
pose a white. From the slight inclination of the line 11' to thf 
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.axis CZR^ it is evident that this passage from violet to white 
must be very rapid. In a lamina of air, for example, the be- 
ginning of the violet in the first ring answers to the thickness 
1,99849, as shown by the table, article 264 ; and the commence- 
ment of the red in this same ring, or the limit of the red and the 
orange, answers to the thickness 2,93207 ; whence it follows that 
the .separation of colours does not take place except at an inter- 
val of thickness equal to 2,93207 — 1 ,99549 or 0,99358 ; and 
consequently, it must be very difficult to distinguish it unless the 
thicknesses vary with extreme slowness. The white being once 
formed in the first ring, it will continue to be reflected more or less 
perfectly, while the moving line passes from 1 to 3 ; after which, 
the colours which compose it successively disappearing, it will 
change first into a compound yellow, then into a red, and this red 
will finally disappear at S\ Here the colours of the second ring 
begin ; and between these and those of the first ring there is a small 
dark interval, at least if we adopt as rigorously exact the limits of 
reflection fixed by Newtoji. For the extreme thickness where 
the red of the first ring ends^ is 9,516618, according to our table; 
and the thickness where the violet of the second ring begins is 
9,99245 ; whence it follows that between these two limits, there 
is an interval equal to 9,99245 — 9,516618, or 0,475832, in 
which no colour is reflected 5 consequently there must be formed 
by transmission in this place, a very narrow white ring. But 
the existence of these two rings may be modified by the more or 
less considerable extension of the sensible limits of reflection ; 
for if the thin plate of air, upon which the preceding limits were 
taken, could suddenly exert a greater reflecting power, without its 
other properties being changed, we might , observe sensible quan- 
tities of light, at the places where before we did not perceive any ; 
and the intervals of thickness occupied by the bright reflected 
rings becoming more enlarged, the two first rings might extend 
so far, as to cause the narrow dark ring which separated them, in 
the determinations of Newton, to disappear. Indeed, we shall 
find substances hereafter, which present this superposition in a 
manner sufficiently distinct to be observed, not in this self-same 
phenomenon of the rings, but in a series of facts which are gov- 
erned by precisely the same periodical laws, on a scale of thick- 
nesses much more extensive* Returning, however, to the experi- 
i^ents of Newton, we see that beyond the dark narrow ring in 
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question, the colours of the second ring commence and succeed 
each other in order, while the moving line passes from 5 to 7 ; 
these are more vivid than those in the first ring, because they 
are more dilated and separated from each other, as the figure 
itself indicates, by the greater inclination of the line IT to the 
axis CZR. In consequence of this separation, there no longer 
intervenes a white between the blue and yellow of this ring, as 
in the first, but a mixture of orange, yellow, green, blue, and 
indigo, all which colours, joined together, must compose a faint 
imperfect green. In like manner, the colours of the third ring 
succeed each other in order ; first comes the violet, which mixes 
a little with the red of the siecond ring ; for it begins at the thick- 
ness 17,98641, and ends at 21,98339, whereas the red of the 
second ring ends only at the thickness 22,205442; whence it 
follows that these two colours are reflected together through the 
whole of the violet of the preceding ring. We hence see why this 
violet is not separately perceived, but instead of it a reddish pur- 
ple. Next come the blue and green, which are less mixed with 
other colours, and for this reason are more lively than in the ((O' 
mer case, especially the green. Then follows the yellow, of which 
the part next the green is distinct and good ; but the other part, 
next the red, which comes immediately after, consists of a yellow 
which, as well as the red, is mixed with the violet and blue of the 
fourth ring ; whence result different degrees of red inclining strong- 
ly to purple. This violet and blue, which should succeed this red, 
are mixed and confounded with it, so that in place of them there 
succeeds a green. This green at first inclines to blue, but it 
very soon becomes a fine green ; and it is the only unmixed and 
lively colour which appears in this fourth ring ; for in proportion 
as it inclines to yellow, it begins to mix with the colours of 
the fifth ring, by which mixture the yellow and red immediately 
succeeding, become very faint and dirty, especially the yeUow, 
which, being the faintest of the colours, can hardly be perceived. 
After this, the different rings and colours are intermixed and 
confounded more and more, until after three or four successions 
in which the red and blue especially predominate, all the species 
of colours become mixed together in nearly equal degrees, and 
constitute an uniform white. 

269. As we have observed that the rays of one colour are 
transmitted at the same place at which the rays of another colour 
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are reflected, it is evident that if we take the complement of the 
reflected colours^ the succession of which has been stated, we 
shall have the order and succession of the transmitted colours. 
Hius, as we moved the line parallel to Z/i,' from Z to 1, we 
found that^ in this space, the reflection was insensible; conse- 
quently the transmission there will be total, and this will pro- 
duce the white central spot which was observed in the trans- 
mitted rings* When the line has arrived at 1, the violet and 
blue rays will begin to be reflected, and of course their comple- 
ment in the transmitted rings, will form first a yellowish white 
and then a yellowish red ; but these colours will be extremely 
faint and difficult to be distinguished, because the first violet rays 
are not reflected at first in great abundance, as is indicated by 
the distance of the moving line from 33^, the place of maximum 
reflection ; and when it begins to apf»^>ach nearer, it comes at 
once upon 1^ the commencement of the red ; so that the white 
light transmitted, losing thus a part of all its colours, and in a 
proportion very little different from that which produces white, 
still continues white as before, or at least does not take any 
other determinate colour. But at the same time its intensity is 
weakened, and it is the least possible in the thicknesses where 
the reflection is strongest, which answers to the middle of the 
white in the first of the reflected rings. This accounts for the 
black, or rather the dark grey ring, which succeeds the first 
yellowish red in the transmitted rit^. 

370. The moveable line continuing to depart from the axis 
ZjR, arrives next at 3. Then the violet rays begin to escape 
reflection altogether ; next the blue, the green, the yellow, and 
finally the red escape in their turn. But as the line 33' is still 
very little inclined to the axis Z/2, the same thing happens here 
as in the passage from 1 to 1' ; that is, we cannot distinguish the 
succession of these different colours, on account of the slight dif- 
ference in the thicknesses by which they are produced, and also 
on account of their faintness ; so that at the most we perceive 
only a little violet and blue, which immediately change to white 
when the rule arrives at 3' ; for we have seen that it does not yet 
reach 5, since Z5 exceeds RS% by a quantity equal to 0,475832 
millionths of an inch. This produces the second white trans- 
mitted ring, and this ring continues while the line passes from 3' to 
5. Then, the colours of the second ring beginning to be reflected^ 

Opt. 33 
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the different parts composing this white, successively separate ; 
first the violet, then the violet and blue, then the violet, blue, and 
green, and so on ; which changes it successively into the colours 
complementary to*the preceding, that is, into yellow, red, violet, 
and blue. These are the colours of the second transmitted ring, 
and they are more distinct than those of the first, because the 
line which limits them is more inclined to ZR than 11' was; 
which separates them more from each other. Continuing thus 
to depart from Z/{, and taking always the colour complementary 
to that of the reflected ring, we obtain successively the colours 
of the transmitted rings, in the order stated in article 251, from 
observation. 

271. After this examination, we can easily understand why 
the transmitted rings are always paler than the reflected rings. 
In transmission, the rings formed by each species of simple light 
are not separated by dark intervals, because the reflection is 
never total at any part of the thin lamina ; consequently their 
succession does not offer alternations of intensity periodically 
increasing and decreasing ; whereas the simple rings seen by 
reflection, are separated from each other by intervals absolutely 
black, which prevents them from encroaching so much upon each 
other, when they are all reflected at once. On this account the 
transmitted rings would be more distinct if we were to increase 
the reflecting power of the thin lamina ; since the variations of 
intensity would be more considerable in the different parts of 
the simple rings, and of course their mixture would be less uni- 
form. We effect this purpose when we give the rays a greater 
inclination to the lamina, by looking very obliquely ; for then 
the reflection becomes fifteen or twenty times greater, than under 
a perpendicular incidence. We then find that the colours of the 
transmitted rings become much more sensible ; and, on the con- 
trary, those of the reflected rings are much less sensible, because 
the simple rings which compose them spread out and encroach 
more upon each other. 

272. It is very easy to verify all these theoretical indications, 
by observing the colours which are developed in soap bub- 
bles, by reflection and transmission ; but in order that we may 
be able to attend to all the details, it is necessary to form these 
bubbles, according to the directions given in article 254, by blow- 
ing them in a close vessel, and letting them hang at the end of 
the tube with which they are blown. As this disposition enables 
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us to preserve them for whole hours, we have time to pass pro- 
gressively through all the varieties of thickness and colour. But 
the process is rendered still better, if we blow, one above the 
other, two bubbles, separated from each other by a very thin 
plate of water, as represented in figure 158. For this purpose, 
when we have formed the first bubble, we bring, with the finger, 
to the upper orifice of the tube, a small drop of water, which 
soon descends to the other orifice. We blow this water gently, 
and there results another bubble adhering to the first. The 
aqueous partition which separates them is ordinarily nearly 
plane, and more or less inclined to the horizon. This inclination 
causing the water which fforms the partition, to flow down, it 
gradually grows thinner, and becomes thinnest at its highest part. 
Hence there results a succession of stripes coloured with all the 
tints of the rings, which appearing first at the highest part of the 
lamina, descend by degrees to the bottom, developing more and 
more the richness of their hues ; and in their successive forma- 
tion, as well as in their different changes, they present all the 
varieties of colour before indicated by theory. 

273. Hitherto we have considered only the order and species 
of simple colours, which are reflected or transmitted at each 
thickness. In order to recompose the phenomena completely, 
we must determine the nature of the tints which result from their 
mixtures. This requires that we should know the law according 
to which the intensity of reflection varies in the extent of each 
simple ring ; for, these intensities being known, the composition 
of the colours may be deduced by the process explained in arti- 
cle 169. We might then assign with precision the thicknesses 
at which the most distinct shades of each ring must appear. 
Newton has done this, and he has constructed a table of results 
for the seven orders of rings whose colours are sensible. I shall 
present it as he has given it in his Optics.^ I cannot give all the 
numerical details of the construction, and Newton himself did 
not. I think, notwithstanding, that I have succeeded in obtain- 
ing them, and I propose to make them, at another time, the sub- 
ject of a particular exposition. I will simply remark here, that 
having first calculated this table only for plates of air, Newton 
extended it to those of water and glass, by means of the law 
indicated above, that in difierent substances, the same tint is 
reflected at thicknesses reciprocally proportional to their ratios 
of refraction. For instance, if this ratio is f for the rays which , 
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pass fFpm air ioto water, the plates of water which reflect a cer- 
tain tint, ffiufit have jof the tbicltness which the plates of air had. 
We may observe this ratio In the table of Newton, and expeii- 
menis which we shall soon relate, show that the rule ia gener:^ 
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1274. If we compare this table with figure 157, we shall per- 
ceire the manner in which each of the colours it contains, is 
composed of functions of its simple elements. It has also many 
other uses which will be explained hereafter; but there are 
some which mfty be explained now. 

The first and most simple is that of finding the thicicness of a 
plate of anj substance from the colour which it reflects under a 
perpendicular incidence, when its ratio of refraction is known. 
This colour being known, the table determines the thickness of 
air which corresponds to it, and if we divide this by the ratio of 
refraction of the substance in question, we shall have the thick- 
ness of this substance. For example, experiment has shown that 
the ratio of refraction of common Siberian mica with two axes, 
may be estimated at 1,53, that of air being 1. Suppose that 
we detach a leaf of this substance sufficiently thin to reflect blue 
of the third order, under a perpendicular incidence. Accord- 
ing to the table, the thickness of air which would reflect this blue 

23 4 
is 23,4 ; that of the mic^, therefore, must be -^ or 15,3. This 

ihickness diflers very little from that of a sheet of glass which 
would reflect the same colour ; because there is very little dif- 
ference between the ratios of refraction of the mica and glass. 

275. Another use of the table is to determine at once the ratio 
of refraction of plates and their thickness, when we have observ- 
ed the tints whicti they reflect under two known incidences, for 
instance, when the incident rays are successively parallel or 
perpendicular to their surface. We have. only to combine the 
indications of the table with the general law established by New- 
ton, for the variations of tints under different incidences. In the 
Traitl de Physique, may be seen the formulas which express this 
combination, and their application to a sheet of mica thus ob- 
served. It is from this that I have obtained the ratio of refrac- 
tion indicated above for this substance. It remains yet to show 
how we are to know that a tint observed belongs to a particular 
order. This will be explained hereafter. 

276. The theory of coloured rings above given from Newton, 
does not make known the physical cause which produces the 
decomposition of light in very thin lamins of bodies ; but this 
decomposition being admitted as a fact, it reduces this fact to its 
most simple elements ; it shows why the rings of different col- 
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ours are superposed ; it assigns the laws of their superposition, 
and it accounts for all the diversity of tints which results from 
their mixture. These properties combined with the other laws 
of optics, that is, with those of refraction and reflection, must 
necessarily be sufficient to explain completely all the modifica- 
tions which the tints of the rings can experience, when they are 
made to undergo the refracting or reflecting action of bodies. If 
some newly discovered phenomena have appeared to elude these 
laws, it is because we have not sufficiently distinguished the 
causes which modify the mtensity of light, from the causes which 
efiect its decomposition in rings. This distinction is a very 
important one ; for we have already observed that we may 
weaken the intensity of the rings, without changing the nature of 
their tints ; and we shall see hereafter that this diminution of 
intensity may be carried so far as to make them completely and 
strictly disappear. But the laws we have established respecting 
the formation of the rings, are not invalidated by these phenome- 
na, for they relate only to the mode of separation and distribution 
of the colours, and not to the absolute quantity of reflected light, 
which may be varied by causes totally foreign from these laws. 

Newton, wishing to establish his discoveries respecting the 
rings in every possible way, has related a great number of facts 
apparently very singular, but which, when analyzed by his 
theory, are very easily accounted for. We shall not follow him 
into all these details ; it is sufficient to have shown that all the 
phenomena which relate solely to the combination of tints, are 
necessarily comprehended in his theory. We shall, however, 
relate one of his experiments which shows that the alternations 
of reflection and transmission still subsist when we have gone 
much beyond the thickness, at which we perceive rings with 
compound light. 

When we view thin laminas of air, water, or glass, through a 
prism, we perceive many more rings than when we view them 
directly with the naked eye ; insomuch that instead of 8 or 9, 
which we ordinarily observe, we can count 30, 40, and even 
more, which are very narrow and close to each other ; and judg- 
ing by their proximity and the space which they occupy, we 
may conclude that they follow each other in this manner to a 
much more considerable number, even to some hundreds. In 
order to understand the reason of this phenomenon, we must first 
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attend to the most simple case, namely, that in which the rings 
are formed of a single kind of rays, the red, for example. Then, 
if we observe them formed upon a lamma, the thickness of which 
gradually increases from the centre to the circumference, such 
as those of water and air comprehended between two spherical 
surfaces, we shall see that the first rings are the farthest separated 
from one another ; the differences of their diameters grow less 
and Jess, as they become more distant from the central spot ; 
and lastly, at a certain distance from thb spot they are so close 
to each other, that the eye can no longer discern any intervals, 
and they appear to compose one continuous colomr* If we view 
these rings through a prism, they will not experience any sensi- 
ble separation, because the rays which compose them being 
equally refracted by the prism, all their images appear equally 
displaced, at least if we neglect the small differences which arise 
from the unequal incidence of these rays upon the faces of the 
prism. If we now cause the assemblage of all the colours which 
compose white light to fall upon these same laminse, we shall con- 
stantly perceive, if we still view them directly with the naked 
eye, much fewer distinct rings than before, owing to the super- 
position of these rings and to their encroaching upon each other, 
as we explained above when speaking of the experiments of New- 
ton on this subject, made in the dark room. But if we view the 
laminas through a prism, refraction will transfer all the images 
in the same direction, but to unequal distances, the violet rays 
which are most refrangible, being removed farthest, and the red 
rays least. Then if we suppose the prism placed as represented 
in figure 161, the consequence will be that in all the parts of the 
rings situated beyond the centre C, the violet rings, which before 
were by their nature smaller in each order, than the red, will 
be found to approach nearer to them ; and if the difference of 
dispersion is sufficiently great to compensate entirely for their 
primitive inferiority they may finally join them ; and as the 
same will take place very nearly with respect to all the inter- 
mediate colours between the red and the violet rings, the result 
will be that all these rings, being thus concentrated together, will 
appear white and separated by dark intervals. The case will 
then be the same as if they had been formed by rays of a single 
colour, and consequently we shall be able to perceive a much 
greater number than before the prism was interposed. But in 
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the. position of the prism which we have supposed, thi^ increase 
of distinctness will only take place with respect to the parts of 
the rings situated beyond their centre, relatively to the prism ; 
and, on the contrary, with respect to the parts situated on this side 
the centre, the prism will only render them more confused; 
for its effect, in this part, will be to bring still nearer to the ce»< 
tre, the violet rings which before were the nearest, and thus 
remove them still iiirther from the red rings ; and this extension 
of the coloured fringes, by causing them to encroach more upon 
one another, will contribute to mix them more together, and will 
sooner compose an uniform white tint, in which no colour will be 
sufficiently distinct to be perceptible. It is evident, therefore, 
that if we wish to separate this part of the rings, we must change 
the direction of the prism. This is done in figure 162. But recip- 
rocally, the parts situated beyond the centre will now become 
more confused and indistinct, as we find by observation. 

377. Now since we are, in this manner, enabled to see rings 
in the part of the plate of air .where we could not see them with 
the naked eye, it follows that such a plate may appear to the eye 
to be of a continuous and uniform white, when, in reality, the 
rays of light form rings there which the prism would separate 
and render sensible. This may be observed, not only in lamiDS 
of air comprehended between two object-glasses, but also in soap 
bubbles ; for before they have attained the degree of thinness 
necessary to reflect sensible colours, the prism enables us to dis- 
cover in them concentric rings. In the same manner, lamiose 
of mica, water, or glass blown by means of a lamp, although they 
are not thin enough to appear coloured to the naked eye, exhibit, 
when viewed by the prism, a vast number of small irregular rings, 
which undulate in a thousand different ways upon their surface, 
according to the insensible inequalities of their thickness. And, 
as observed by Newton, wc shall easily comprehend the reason 
of these phenomena, if wc consider that all these rings, infinite 
in number, already exist in the laminae when we view them with 
the naked eye, although on account of the extent of their circum- 
ference and the high order to which they correspond, they are 
so mixed and confounded together, that they appear to compose 
an uniform white ; whereas the prism recovers them from this 
confusion by separating them. To perform this experiment in a 
satisfactory manner, we must place the thin laminae over some 
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black body, and view them through the prism disposed as ia 
figure 163. 

In fine, all the phenomena described in Newton's theory of 
coloured rings, confirm us in the conclusions to which we were be- 
fore led, respecting the nature of the luminous rays themselves ; 
namely, that the colorific properties of these rays do not depend 
upon any alteration or modification produced in them by the 
media which they traverse ; but that they belong to the nature 
of the rays themselves, and exist in them at the moment they 
emanate from luminous bodies; that they are transported with 
the rays to all distances indefinitely, and preserved without altera- 
tion in all media. 
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278. After having established by experiment the fundamental 
laws which regulate the distribution and succession of the col- 
oured rings formed upon thin laminas, Newton recognised, by 
means of them, a new physical property in the particles of light, 
a property which not only accounts for all the particular phenom- 
ena observed by this great man, but also explains a multitude of 
other facts apparently of a totally different nature, and which 
were entirely unknown to him. In order'to make it evident that 
this property results necessarily from the phenomena without the 
intervention of any hypothesis, I shall state in their order the 
propositions of Newton, adding only such explanations and re- 
marks as are necessary to prove that they are general ; and I 
shall afterwards show how each of them is a faithful expression 
of some phenomenon observed in the rings. 

379. In the first place it must be remembered that the trans- 
mission of light is progressive. This fact was first made known 
by the eclipses of Jupiter's satellites, and has since been con- 
firmed by the aberration of the fixed stars. These phenomena 
agree in proving that light employs 8' 13'' in traversing the mean 
distance of the earth from the sun. We find, moreover, that the 
motion of light is uniform through the whole of this space, and 
indeed throughout the extent of Jupiter's orbit. Observations of 
this kind do not indicate a sensible difference in the velocities of 
the luminous particles of different refra^gibilities i for if there 
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were a sensible difference in this respect, when a satellite entered 
the shadow or etiierged from it, its disc would appear succes- 
sively tinged with the different prismatic colours, which Ib not 
the case. The common velocity thus dcieroiined is that which 
light has in a vacuum; for the celestial sp.ices may be consider" 
cd as destitute of all ponderable or refracting matter. When the 
luminous particles traverse media, the parts of which act upon 
them by attractions at a small distance, their velocity in these 
media is to their velocity in a vacuum, as the sine of incidence 
in the vacuum is to the sine of refraction in the material medium. 
Whence it follows that the velocity of light in bodies, is always 
greater than in a vacuum, and increases with their refracting 
power. 

20O. We are row prepared to attend to the new properties of 
light which Newton established as consequences of his observa- 
tions upon thin lamina:. 

First propositirm. Every luminous particle, which traverses a re- 
fracting surface of whatever kind, acquires by this very act a cer- 
tain transient disposition, which, from that lime, during the whole 
course of the particle in the same medium, is periodically repro- 
duced at equal intervals ; and the consequence of each return 
of this disposition, is, that the luminous particle is easily trans- 
milled through a second refracting surface, if one then preseuU 
itself; while, on the contrary, at each intermission of this stale, 
it is easily though not necessarily reflected by such a surface. 
These successive states or dispositions, Newton calls Jits of easg 
transmission and easy reflection; and the distance traversed by 
the particle between the returns of two fits of the same nature, 
he calls the interval of the fits ; so that the length of each fit is 
half of one of these intervals. If these definitions be express- 
ed analytically, we can predict the kind and stage of the 
fit, which a luminous particle will be found in al any instant 
whatever, in a given medium, when we know these elements for 
the instant of ils entrance mto the medium, and also the length (^ 
the fits for this particle. In the Traili de Physique, i have given 
formulas which express the dependance in question. 

This is only a general enunciation of the fact and the law 
of the alternate transmissions and reflections, which occur al 
different thicknesses, in the same place, under each given inci- 
dence. Only Mewton represents these alternations as iade&oitet 
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and attributes them to a physical property of the luminous parti* 
cles, which renders them susceptible of being thus modified by 
the refracting surfaces of bodies ; these are the two points which 
we are to examine. 

381. When we observe the compound rings with the naked 
eye, we are unable to perceive more than 7 or 8 distinct succes- 
sions or alternations ; and we can predict beforehand, that in 
every other series of phenomena which follows similar laws, we 
can never perceive more. But the analysis, and if we may so ex- 
press it, dissection, whicli we havemade of the phenomenon, has 
taught us that this limitation is owing simply to the encroachment 
and superposition of rings of all colours, /formed by the different 
simple rays of which white light is composed* Accordingly, we 
have discovered a much greater number of rings, when we have 
formed them with a beam of simple light, and we have arrived 
at the same object in a still easier manner, by taking rings them- 
selves compound, and separating them by the prism, in virtue of 
their unequal refrangibility. These observations prove that the 
alternations of reflection and transmission extend to thicknesses 
much greater than we at first suspected ; and from the manner 
in which the rings crowd uppn each other according as the thick* 
ness increases, we may conclude that the alternations are still 
produced, at thicknesses much greater than those at which we 
cease, even with the prism, to distinguish them. Indeed, other 
experiments of Newton, which may be seen in the Traiti de 
Physique, show that these alternations exist in glass, at thick- 
cesses which amount even to a quarter of an inch ; and the same 
process might be employed to make known their existence at 
still greater thicknesses. Now, as such thicknesses exceed by 
many thousand times, the distance at which the variability of 
the attractive and repulsive forces of media can be sensible, we 
are obliged to conclude that the alternations of reflection and 
transmission, if continued so far, must be continued indefinitely* 

382. Hence it becomes evident that these alternations depend 
upon some physical modification impressed upon the luminous 
particles, in their passage through the first refracting surface ; 
and which they afterwards preserve throughout the whole extent 
af the medium which they traverse ; for otherwise, when the 
luminous particles came to the second surface of this medium, 
their reflection or transmission^ w<>uld no longer depend upoa 
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their distance from the first surface, especially ai thicknesses 
where we know that they could no longer be subject to its action 
directly. The dependance of the particles upon this first sat- 
face, with respect to the power of being reflected and trans- 
mitted, when they are no longer directly influenced by it, proves 
necessarily the existence of a durable modification, which they 
receive conformably to the enunciation of Ncwion. 

It is important to observe that these modifications of the lumi- 
nous particles are not attended with an absolute necessity of being 
transmitted or reflected at certain intervals, but only a disposi- 
tion or farilily for one or the other of these eflfects ; for very 
thin laminffi of mica or glass, which, when in the air, reflect very 
vivid colours, exhibit, when wet at their second surface, the 
same colours, but much fainter; so that a certain number of 
luminous particles, which before were reflected by this second 
surface, are transmitted, when its repulsive force ia weaken- 
ed or counteracted by the presence of the exicrior medium. 
This phenomenon takes place at the second surface not only of 
thin bodies, but also of thick ones; since the intensity of re- 
flection is equally diminished in these, when we bring them in 
contact with a medium, the refracting power of which, whether 
greater or less, differs less from their own than that of air or a 
vacuum. In this case also, as in the preceding, the reflection, 
whatever be its intensity, always takes place in the system of 
colours more or less compound, which the body is capable of 
reflecting at its second surface, according as it is thin or thick. 
In the same manner, when a ray of white light, after having 
traversed a certain space of air, encounters the surface of an- 
other medium, as water for instance, a part of the luminous par- 
ticles which compose this ray, is disposed to be reflected at the 
common surface of the water and air ; and, if the thickness of ait 
is very great compared with the thicknesses which give coloured 
rings, there is, as we shall prove hereafter, nearly an equal 
quanthy of particles in each of these two dispositions. Accord- 
ingly, the reflection is abundant, if the second surface of the air 
is limited by a thick plate of water ; but it becomes very feeble 
and almost insensible, when the thickness of this plate does not 
exceed the millionth part of an inch ; for, according to what 
we have observed in soap bubbles, such a plate does not reflect 
any light at the second surface, and reflects almost none at the 
first, lu this case, therefore, the disposition which the incident 
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particles may have for reflection, when they arrive at this first sur- 
face, is without effect ; and consequently it is attended with only 
the facility, and not the necessity of being reflected. In order 
that the reflection may take place, it is not enough that the lumi- 
nous particle be favourably disposed for reflection, but the ener- 
gy of the reflecting force must be such, that in this favourable 
state of the particle, it shall destroy completely its velocity and 
turn it into a contrary direction. In like manner, the tendency 
to transmission ceases to be effectual, when the reflecting force 
is sufficiently energetic to repel the particles which have this ten- 
dency ; and this is the case in very oblique reflection from most 
polished bodies, particularly metals, since, in this case, they reflect, 
more than half of the incident light, as we shall hereafter prove. 
From these examples, we perceive that Newton rigorously fol- 
lowed the phenomena when he gave to the fits denominations 
which might indicate, not an absolute necessity of reflection or 
transmission, but a conditional disposition^ as indicated by the 
phrases ^^5 of easy reflection and easy transmission* 

283. It is to be observed moreover, that when a ray of simple 
light as it comes from a luminous body, falls directly, or by 
refraction, upon a refracting medium, into which it penetrates, 
the lummous particles transmitted, which are all actually brought 
into the state of easy transmission by traversing the refract- 
ing surface, do not all possess this disposition in a manner 
equally perfect. Indeed, if this equality were to take place, 
as the fits of all the particles would afterwards be of equal 
lengths and equal velocities, the ray being supposed homogene- 
ous, it is evident that throughout the whole distance they must 
all be modified exactly in the same manner ; and, consequently, 
when they came to the second surface of the refracting body in 
which they were moving, they must either be reflected or trans- 
mitted all at once. But this never happens; for even if we 
choose the most perfectly homogeneous light, there will never be 
reflected more than a certain proportion, depending on the nature 
of the refracting body and that of the surrounding medium.* 

* This division not only takes place in the case of thick bodies, 
but also in that of thin laminae ; for, in observing the coloured rings 
formed by reflection at their second surface, we remarked that the 
reflection was far firom being total, even in the middle of each simple 
ring. 
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Since then two ambient media of unequal refracting powers, 
being successively applied to the second surface of the same 
body, determine the more or less abundant reflection of ihe same 
homogeneous ray, which arrives at this surface, it is necessary 
ihat some cause or other should determine the preference of the 
luminous panicles, which yield at once to the weakest of the 
two reflections ; and since this preference lakes place among 
particles perfectly homogeneous, it must be owing to some in- 
equality in the physical dispositions which the particles bring 
with them, for reflection or transmission at the same surface. 
Therefore, as these particles have equal velocities and fits of 
equal lengths, it is absolutely necessary that their inequality 
should be traced back to the first refracting surface, and thence 
in its principle, to their first emission from the luminous body. 

In order to discover in what this inequality consists, we must 
consider that when the Itiminous particles pass from a fit of easy 
transmission to a fit of easy reflection, whatever be the nature of 
these fits in other respecls, it is extremely probable that they do 
not take place in an abrupt and sudden, but in a gradual and 
progressive manner, losing by little and little their disposition lo 
be transmitted, and when it is entirely gone, immediately acqui^ 
ing a contrary disposition, that is, a tendency lo be reflected; 
this is at first very feeble, but gradually increases lo a certain 
maximum, after which it diminishes by the same gradations. 
Now let us suppose that an infinite number of luminous particleE, 
liomogenpous and emanating simultaneously or nearly so, from a 
luminous body, are found, in departing from its surface, to be in 
all the different stages of the two kinds of fits, either in virtue of 
the very act of emission, or as being parts of the difi'erenl points 
of the infinitely thin, incandescent plate, through which the radia- 
tion may always lake place; this will be sufficient to produce, 
throughout the whole range of these particles, the differences of 
disposition which experiment makes known to us. Indeed, when 
they arrive together at the first surface of the reflecting body, 
which reflects a part and refracts the rest, the reflection will 
undoubtedly lake place, from preference, with respect to those 
incident particles which arc found most disposed to it. If, for 
example, the reflecting force were infinitely great, all these par- 
ticles would be reflected, whatever fit they might be in ; if the 
reflecting force were less, the panicles which at the moment o( 
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their incidence were in a fit of easy transmission, would be the 
first to transmit themselves ; and we can conceive of such a de- 
gree of energy that these would all be transmitted, while those 
which were in a fit of easy reflection, would all be reflected, whe- 
ther they were at the commencement, in the middle, or toward 
the end of this fit. Lastly, with a reflecting force still more fee- 
ble, those which were nearly at the commencement or the end 
of such a fit would be transmitted, and those only which were in 
the most energetic part of the same fit would be reflected. The 
number of these last would thus go on olcreasing with the inten- 
sity of the reflecting force, to the last degrees of this force, 
when there would be reflected only an infinitely small number 
consisting simply of those particles which were precisely in the 
middle and strength of their fit. In all these cases, from the 
moment when a certain number of luminous particles were trans- 
mitted through the first refracting surface of a body, they would 
all find themselves brought by this very act, to the state of easy 
transmission ; but they would take this state in a manner more 
or less complete, according to the more or less favourable dispo- 
sitions they were in at the moment of their incidence, and this 
inequality continuing through the whole extent of. the refracting 
body to its second surface, would determine the choice of the 
particles which should there be reflected, from preference, by a 
given repulsive force. 

284. In order to render this completely evident, let us repre- pig. i64. 
sent by .^B the length of a fit of a certain species of luminous par- 
ticles in a given medium, and let us designate the variable energy 
of each fit, at its difierent stages, by the ordinates of a curve 
AMB^ the nature of which is. entirely arbitrary. This curve 
must pass through the points A and JS, the extremities of the fit ; 
its ordinates at these points must be nothing, and from this they 
must continually increase by equal degrees to the middle of 
the fit, where they will attain their maximum OM* If we wish 
to extend this construction to all the alternate fits which the pair- 
tide experiences in the whote course of its passage through the 
given inedium, we have only to take upon its direction, begin-* 
ning at the pomt jB, a series of lengths JBC, CX), .... equal to 
each other and to the length AB of the first fit. Then, if we 
construct upon each of these the curve of intensity AMB^ alter- 
nately on one side and the other of the axis ABCD^ the sinuous 
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Vine AMBM'C .... which results, will express the kind and 
intensity of the fit with which the particle is affected, in any 
point whatever of its course. Now let us suppose that a ray 
formed entirely of luminous particles like these, falls upon the 
first surface of the medium, and is in part transmitted ; then all 
the particles transmitted will be brought by the refracting su^ 
face into a state of easy transmission ; but according to what we 
have discovered of their primitive inequalities, they will not all 
come into this slate in the same manner ; and as their number is 
supposed infinite, they may exhibit all the imaginable stages of 
it from the commencement to the end. Let us construct thea 
for each of ihcm the series of successive fits, as they are continued, 
Tig. 165. in departing from the refracting surface SS, and we shall sec 
what must take place when a second surface iapresented succet 
sively at difierent distances from the first, y' 

285. To begin with an extreme case, we will, in the first place, 
suppose that the medium coniignous to this second surface is 
such that the relleciion takes place with respect to all the lumi- 
nous panicles which are presented to it, in any stage whatever of 
the fit of easy reflection. The possibility of this, as we haw 
seen above, depends wholly upon the ratio which exists between 
the refracting forces of the body and of the contiguous medium. 
If then, in this consirCiction, we cause a straight line && lo move 
parallel to SS, for the purpose of representing the limit of the sec- 
ond surface, it is evident that the reflection will never become en- 
tirely nothing, however small the thickness given to the refracting 
body, unless ibis thickness be strictly nothing ; for, from the mo- 
ment the line S'S' moves from SS, there will be a certain number 
of luminous panicles in a state to be reflected. This number, at 
first very small, will progressively increase as S'S' withdraws 
from SS, till at length, this line having arrived at /, , a dislSDCe 
from the surface equal lo i, the length of a fit, all the light 
transmitted will be in a state of easy reflection, and conse- 
quently the reflection will be total. But this will take place 
only at the precise distance in question ^ for, from the instaol 
that S'S' moves farther from SS, there will be a certain number 
of panicles which will pass to the state of easy transmission, and 
will consequently escape the reflecting forces, since we have 
limited the possibihty of reflection to those which are found in 
some stage or other of the contrary state. Thus, the proportioD 
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of light reflected will gradually diminish according as SS' re- 
moves from /, ; and will finally become nothing at /,, a dis- 
tance from the first surface equal to 2 u From this point, the 
reflection will begin again to increase according to the same pe- 
riods ; it will be total at Z,, nothing at 7^, and so on through the 
whole extent of the refracting body ; hence all the phenomena, 
both of transmission and reflection, will be limited by the succes- 
sive terms of the two following series ; 

Total transmission 2 » 4% Si ... • 
Total reflection % 3 » 5 1 7 i . . . . 

The first indicates the precise thicknesses at which the reflec- 
tion is strictly nothing, and the second those at which it becomes 
total. 

286. If, instead of supposing the two surfaces of entrance and 
emergence exactly parallel, we suppose them inclined to each 
other at an angle so small that the intensity of the reflecting 
forces may not be sensibly changed, the simple variation of 
thickness resulting from this inclination, will produce between 
the first and second surface, all the varieties of distance which 
we have supposed, as well as all the alternations of reflection and 
transmission' which result from it ; that is, the light transmitted 
perpendicularly through the first surface, will be reflected or 
transmitted at the second, according to the thickness through 
which it passes to meet it. Accordingly, this second surface, 
seen by reflection or transmission, will present, in its different 
points, luminous alternations, exactly analogous to the dificrent 
orders of rings formed of homogeneous light, upon the laminae of 
water or air, contained between two object-glasses. Only, from 
the energy which we have here attributed to the reflecting forces, 
it will be found that the luminous zones, transmitted and reflected, 
will have equal breadths, and will be separated in each series 
by black lines infinitely narrow, two circumstances which do 
not take place in the coloured rings produced by the refracting 
bodies which nature presents. 

The reason is, that these bodies have not, with respect to the 
media which surround them, a repulsive force so powerful as 
we have supposed; for, whatever proportion we give to their 
thickness, the reflection at their second surface is never total, at 
least under a perpendicular incidence, the only case at present un- 
der consideration. Consequently, when this second surface is at 
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one of the distances suited to produce the most abundant refleo 
tion, as /j, /g, /f, • • • . in which case all the incident light is ia 
a state of easy reflection, there is still a certain number of par^ 
tides which elude the reflecting forces, in spite of the favourable 
disposition they are in ; whence it will be seen that this disposi* 
tion is cfiectual only beyond a certain degree of energy. If, for 
example, we suppose the whole of the incident light \o be distri* 
buted equally among all the stages of the fit, and there be one half 
which escapes reflection, this will be a proof, that the reflection 
takes place only in the pailicles which have passed through more 
than one fourth and less than three fourths of their fit ; if there 
be one fourth which escapes, the limits of the reflection will be 

~ and — , and so of the rest. In general, if we designate the first 

8 8 

of these limits by e, the second will be i — e, since they roust 
always be equally distant from the middle of the fit. This being 
settled, if we apply to these new conditions, the geometrical con- 
struction above used, it is evident that the intensity of the reflec- 
tion will be nothing, not only when the second surface ^S' co- 
incides with the first <SS,but also through all the interval of thick* 
ness, where it is distant by a quantity less than ti At this 
precise thickness, only one of the refracted particles will be 
capable of being reflected ; this will be that, which, at its en- 
trance, had terminated a fit of easy transmission ; for, having then 
commenced a fit of easy reflection, when it afterwards arrives at 
the thickness e, it will have made an advance equal to e, in the 
period of this fit, and will therefore be capable of being actually 
reflected; and it will continue so from this point to the thickness 
i — c, where it will be at the same distance from the end of its 
fit. The other particles, which were originally less advanced in 
their fit of ihitial transmission, must arrive successively at thick- 
nesses greater than c, in order to begin to be reflected ; so that 
from c the intensity of the reflection will always increase to 
i — £, where the first particle begins to pass from the eflicacious 
part of its fit. Beyond i — c this particle will be transmitted; 
but since we suppose all the particles, at their entrance, uniformly 
distributed among the different degrees of transmission, there will 
be at this very instant another particle, originally less advanced 
in its state of initial transmission, which will have attained the 
proper degree of reflectibility, and will be reflected in place of the 
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firsts; the intensity of reflected light will then become constant at 
this thickness, and will continue so to t -|- ^t where the reflection 
begins for that luminous particle, which, at its entrance into the 
body, had commenced a fit of easy transmission. But .beyond 
this limit no new particles will present themselves . to replace 
those which have successively escaped reflection 9 so that the 
intensity of the reflected light will begin to decrease, and con- 
tinue decreasing io2i — e, where it will become nothing, there 
being then no refracted particles in the efficacious part of a fit of 
easy reflection. Consequently, the transmission , will then be 
total, and will remain so to the thickness 2 i -f- e, where a new 
period of reflections will commence, and so on throughout the 
whole extent of the medium. 

287« If we would realixe these alternations upon a single lam- 
ina of a refracting body, it is sufficient to give to the two sur- 
faces a very slight inclination to each other ; and by causing a 
portion of simple light to fall perpendicularly upon the. first, we 
may observe by reflection upon the second,, an alternate succes- 
sion of luminous and black stripes, limited to the difiercnt thick- 
nesses which our calculation has assigned. This is precisely 
the phenomenon of the reflected rings formed by homogeneous 
light. We may also observe, by' transmission, alternations of 
luminous and dark stripes analogous to the transmitted rings ; 
but the dark intervals will be nowhere entirely black, since 
there will still be a certain portion of light transmitted even in 
the mean thicknesses t, 3 1, 5 i « • « . at which the reflection is 
most abundant* 

We can calculate the proportion of light transmitted in these 
places, when we know the initial state of each of the refracted 
particles, and the distance at which reflection begins and ends 
loward the extremities of each fit. We thus find, that in pro- 
portion as the reflecting forces become weaker, the intervals 
of thickness occupied by the lucid rings diminish, and become 
less difierent from the intervals of transmissidn, to which they 
are exactly equal when the reflecting forces become infinite- 
ly feeble. This case ji3 the limit of thpse which our ei^peri- 
ments can present ; but the feebleness of the reflecting power of 
roost transparent bodies, under a perpendicular incidence, pre- 
sents it almost exactly. This is the. cause of the equality re- 
loarked by Newton, and which appeared to him to be sufficiently 
exact to satisfy him without proceeding farther. 
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288. In what we have last said, we have considered the re- 
fracted light, as being, al its entrance into the body, uniformly 
distributed among all the possible degrees of a fit of easy trans- 
mission. It is possible ihal ihb uniformity may not rigorously 
exist, and I may add, it is very probable ; for refraction never 
takes place except in sequence of an exterior reflection, which 
must suffer to pass, especially those incident particles, which are in 
the most energetic stages of a fit of easy refraction, and which, 
consequently, if they were refracted, would be the less dispos- 
ed to take a contrary state; whence it may be presumed that 
the transmiUed light, at the moment of its entrance into the 
refracting body, contains a predominant proportion of particles 
in the most energetic stages of a fit of easy transmission, 
and perhaps very few or none, which have only reached the 
feeblest stages of the beginning or end of such a fit. This veiy 
probable circumstance tends also to equalize the intervals of 
thickness e, 3i — e, at which the reflection and transmis&ion 
take place. It is attended with no other modification to any of 
the conclusions wc have established, than that which results 
from another law of intensity, in the proportions of reflection, at 
the different periods of each lucid ring. 

289. Hitherto we have supposed the light, whether reflected 
or refracted, to be composed of a single species of luminous par- 
ticles. If wc suppose it to contain different species, each one 
will proceed by laws strictly similar, only the fits will not be of 
fte same length for all. It remains then to determine them. 
Such is the object of the following propositions established by 
Newton. 

When the luminous particles which form the eight limits of 
the colours of the spectrum, after having traversed the same 
refracting surface, enter into the same medium under a 
perpendicular incidence, or in general under a common inci- 
dence, the intervals of the successive fits of easy transmission 
and easy reflection, belonging to these different species of par- 
ticles, are to each other exactly, or very nearly, as the cube 
roots of the squares of the numbers 1, |, |, a, |, |, ^'j, J, 
which roots have respectively for their values 1 ; 0,9243 ; 
0,8855; 0,8255; 0,7631; 0,7114; 0,6814; 0,6300; the first 
representing the length of the fit belonging to extreme red; 
and the luminous particles whose nature is such as to be compte- 
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hended between theae several limita, have likewise their mler- 
vals of fit comprehended between the several numbers thus cat 
culated. This is a mathematical consequence of the ratios be- 
fore found by experiment, between the thicknesses of the plates 
which reflected or transmitted the different colours of the same 
ring, under a common obliquity.* 



* We take this opportuni^ to point out the remarkable relation that 
exists between these numbers, and which was first noticed by M. Blancu 
If we multiply together the two extreme terms X and ^, or any two 
others taken at equal distances from these extremes, as | and -f^^ | ani^ 
I, i and I, the product will be ^. Consequently, if we multiply in the 
same manner the values of the fits corresponding to these terms, we 
shall ike wise have a constant product, equal to the cube root of the 
square of one half, or 0,6300. This may be verified by the numbers 
given above, as expressing the lengths of the fits for the different limits 
of the simple colours. Accordingly, if we conceive all the colours of 
the spectrum distributed in their order round the circumference of 
the same circle, in a manner analogous to that by which Newton 
calculated their mixtures, and which is explained in article I69, the 
length of fit corresponding to the number of degrees », being mul- 
tiplied by the length of fit corresponding to S60P — n, must give for 

a constant product — or 0,6300, in conformity with the preceding 

remark. The simplest way of satisfying this condition, is to rep- 
resent the value of any fit by -j^ ; c representing the entire circum- 

SsT 
ference, and n the number of parts, to which the particular species of 
simple rays we wish to consider, corresponds. If we make this 
expression successively equal to the values of the fits which cor- 
respond to the different limits of the simple colours, we shall obtain 
the values of n, which belong to these several limits. If, for example, 
we represent the entire circumference c, by the fraction ^, as 
Newton did in the place above cited, we find that the respect- 
ive portions of this circumference which the several colours occu« 

py, beginning with the red, are expressed h^ the fractions j-rrr ; 

— — — • . ^_^__^ • _____^ • i_-^_— • Thsse difier 

16^13' 9,998' 8,989 ' 9,993 ' 16,318 ' 8,939 

very little from the firactions i, tV? iV' hi-ftf iV» h which Newton 
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• 390. As yet we have considered only a single medium* In 
order to extend the definitions of the fits from one medium to 
another, Newton established the following proposition. 

If the luminous particles, of whatever species, pass perptnr 
dicularly into difierent media, the mtervals of the fits of easy 
transmission and reflection, in any two of these media, are to 
each other, as the sine of incidence to the sine of refraction, 
when the particles under consideration p^s from one to the 
other. This is the mathematical generalization of the ratios be- 
fore observed between the thicknesses of water aiid air, which 
reflect or transmit the same tint under a perpendicular incidence. 
Hence it follows, that for each kind of luminous particles, the 
length of the fits, under a perpendicular incidence^ is always the 
same in the same medium, whatever be the bodies traversed 
before conning to it* 

According to this rule if we take for unity the thickness of air, 
which, when vie^ved perpendicularly, reflects a certain tint, the 
thickness of a vacuum which reflects this same tint would be 
greater in the proportion of the ratio of refraction of air, that is, 
as 3388 is to 3389 ; so that the nicest precision would hardly 
detect a difierence. Accordingly, when we have formed col- 
oured rings by compressing a plate of air between two object- 
glasses, the size and colour of these rings do not appear to un- 
employed ; and if we reduce them to degrees, as in article 169, the 
lengths of the arcs thus obtained will be ; 

RO = 6l« 10' 23'' 
0Y=: 33 31 10 
YG = 54 43 15 
GB = 61 10 23 
BI=z 54 43 15 
IV = 33 31 10 
FR = 61 10 23 

These arcs differ so little from those of Newton, that we might substi- 
tute them in their stead, without making any appreciable alteration 
in the estimates of the compound colours. Thus we see that this 
mode of distribution, so singular in appearance, is closely connected 
with the values of the fits. Whether Newton was aware of this con- 
nexion and followed it, or whether it is derived solely from the 
nature of the numerical results, which the experiment furnished biin> 
is not known* 
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dergo any change, if we put the glasses into a vacuum, or heat 
them strongly in order to expel the air from between them. 
Mazeas, who first made these trials, was very much astonished 
to find no difference, and this circumstance did not fail to be 
urged as an objection to Newton's theory ; whereas it is, as we 
perceive, a consequence of it. 

291. By means of the two last propositions, the length of 
the fits, under a perpendicular incidence, will be determined gen- 
erally for every species of refracting medium and of luminous 
particles, if their value for a single case be ascertabed. Thb may 
be easily done from the observations of Newton upon the thick- 
nesses of air, which reflect or transmit any colour whatever 
under a perpendicular incidence. Let us take for an example, 
the luminous particles which form, on the spectrum, the limit be- 
tween the yellow and orange. We have found that the alterna- 
tions of their transmission, and reflection expressed in parts of an 
inch, succeed each other at the mean thicknesses which follow ; 
Transmission .... tt/ftt tttVtt 

Reflection tttVtt ttttttt tt/ttt* 

Accordingly, the ler^h of a fit for this species of light will be 
tttVitt ^f ^" inch ; and double this quantity or tt/ttttv which 
becomes ttItid will be the interval of two fits of the same nature, 
whether of transmission or reflection. If we combine this result 
with one of the preceding propositions, we shall obtain the inter- 
vals of the fits for the different species of particles, which form 
the eight limits of the colours of the spectrum* 

The following table contains their values in millionths of an 
inch. 



Colours. 



^ 



< 



. • 



. . 



Extreme violet .... 
''violet and indigo 
indigo and blue 
blue and green 
green and yellow 
yellow and orange 
^orange and red . . 
Extreme red 



Length of the fit for different colours* 



In a vacuum. 



3,99816 
4,32436 
4,51475 
4,84284 
5,23886 
5,61963 
5,86586 
6,34628 



In air. 



3,99698 
4,32308 
4,51342 
4,84142 
5,23732 
5,61798 
5,86414 
6,34441 



In water. 



2,99773 
3,24231 
3,38507 
3,63107 
3,92799 
4,21349 
4,39811 
4,75831 



In glass. 



2,57870 
2,78908 
2,91188 
3,12350 
3,37891 
3,62450 
3,78331 
4,09317 
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993. The numbers which express the fits io aur, df e deduced 
from the table of article 264, by doubling all the values of e', 
belonging to the limits of the different colours* The numbers of 
the other columns are obtained by multiplying these first re- 
sults by fill for a yacuum, | for water, and |f for the glass 
which Newton used. 

We are now to connect together the reflections and transmis- 
sions which take place for the same ring under different obliqui- 
ties. For this purpose Newton modified the intervals of the fits, 
according to the table of article 246, or rather according to the 
law which he deduced from it and which he found to be appli- 
cable to water and to all other substances,, as explained in article 
258. 

Although these ratios were established by observations upon 
curved plates, the application which Newton here makes of them 
is not the less legitimate, because the thicknesses compared were 
all deduced from measurements taken upon the transverse diame- 
ter of the rings ; so that the luminous rays which limited each 
diameter, traversed the thin plates at points where the tangrats 
of its two surfaces were sensibly parallel ; this rendered c<Histaiit 
the thickness which separated them. 

But the values of the oblique fits, obtained from these obser- 
vations, could not be employed, if the two surfaces traversed by 
the ray, were so much inclined to each other that the lengths of 
the fits might be sensibly different at the entrance and emer- 
gence. The experiments of Newton do not decide how the fits 
would in that case change near the second surface, and it is a 
point yet to be inquired into. 

293. The preceding definitions, obtained from actual experi- 
ment, characterise all the modifications which the fits experi- 
ence in the act of refraction. Those which they receive from 
reflection yet remain to be determined ; but the observations 
hitherto related, will not serve to solve this problem, because the 
thinness of the plates employed, prevents us from observing sepa- 
rately the influence to which the rays are subjected in them 
before and after being reflected at their second surface ; or at 
least, the indications to be furnished by such experiments can- 
not be perceived till after we have separated, by some other 
method, the different actions thus produced. This Newton 
has effected by a new series of observations. He has rendered 
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the rings sensible upon thick plates, in which the two paths of 
the rays, before and after the interior reflection, could thus be 
distinguished. From these new phenomena he derived the fol- 
lowing proposition. 

When the luminous particles of any species whatever, having 
arrived at the second surface of the body in which they move, 
experience either the specular or radiant reflection, they take 
after reflection new fits, in departing from the reflecting surface; 
and the lengths of these fits are the same as they would have 
been, if the particles, coming from the exterior medium to the 
body where they are found, had entered this body with the obli- 
quity derived from reflection. This proposition completes the 
characteristics of the fits. 



Application of the preceding Theory to the Reflection of Rcys of 

Light which have traversed thick Media* 

S94. The fits of luminous particles being completely defined 
by the preceding considerations, we come now to develope the 
consequences which result from them with respect to the reflec- 
tion and refraction of light at the second surface of thick bodies, 
in order to see whether these consequences are conformable to 
observation. 

To begin with the sources of these phenomena, let us first con- 
sider a luminous body placed in an indefinite medium, like the 
air ; and following in imagination the different luminous particles 
which emanate from it, let us see what must be their tendency to 
reflection or refraction, at every distance. For the solution of 
this problem, we must have given the nature of the medium, that 
of the luminous {)articles emitted, the direction of their introduc- 
tion, and the initial state of each of them at the instant it escapes 
the action of the radiating body. With the two first data, we 
can calculate the length of the fits of each particle, and by add- 
ing this length continually to itself, beginning with the primitive 
position and state, we shall have all the successive returns of the 
same state or the opposite one. Then, if we place at any point 
whatever a surface whose reflecting force is given with respect 
to the medium which surrounds it, we can determine from the 

Opt. 36 
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state of edch luminoiu particle, whether it inll yiekt or not to 
reflection* These will be the modifications beloogbg to each 
particle. If afterwards, we wish to predict the phenomMa lu to 
colour that will arise from their mixture, we can do it b j con* 
binitig their colorific properties ac^prding to the method of New- 
ton already employed for a similar porpose. 

395. But this combination will not be necessary^ except when 
the medium traversed by the light is extremely thin ; f<^, ifk 
has sufficient extent to allow the least refrangible of the pttrtidn 
to experieAce in it only 13 or 15 fits, the efiecC of reflectioB will 
become sensibly constant, at least with respect to our senses, and 
the reflected ray will always appear of the same colour as the 
incident light. This is the case with respect to reflection at the 
second surface of thick bodies. 

To understand the cause, we must remember that in the gen- 
eral division of the spectrum a certain extent is occupied by the 
violet, another by the indigp, another by the blue, and so on for 
the seven priticipal colours ; that is, the sensation of each of 
these colours does not strictly belong to one single class of rays 
whose refrangibility is mathematicany fixed, but may be excited 
by rays Whose refrangibility is in a slight degree different, jret 
so nearly alike as to mate us confound them. Accordingly, in 
the phenomena of colour, we may consider together, the effects 
of any one^ of these different groups. Beginning, for example, 
with the violet, let us suppose that the light emitted contains only 
the varieties of particles which are capable of producing the sen- 
sation of this colour, and let us suppose that all these escape 
from the luminous body at the same time, and in the same stage 
of a fit of the same nature. Then their unequal refrangibility 
will give to their fits unequal lengths ; and, according to the 
table of article 291, if the length of the most refrangible is 
3,99698, that of the least refrangible will be 4,32308, which 
gives for each fit a difference of extent equal to 0,3261. Conse- 
quently, at the same distance from the luminous body the most 
refrangible of the violet particles will have experienced more 
alternations than the others ; and it is easy to perceive that after 
13 fits and about a quarter, the difference 0,3261, continually 
repeated, will have become equal to 4,32308, that is, to an entire 
alternation ; so that when the rays of one description are in a fit 
of easy transmission, the other will be in a fit of easy reflection* 



Reflection at the second Surface of thick Media^ 283 

Thus, at this distance from the radiating body, there will be vio- 
let particles intermediate between the preceding, which will be 
in all possible stages of the two kinds of fits. If then a reflect- 
ing surface be met in their passage at this distance, provided its 
repulsive force is not strictly nothing, there will be a certain num- 
ber of violet particles, which will undergo reflectioi), the rest un- 
dergoing transmission. 

296. This result may be rendered sensible by the same con- 
struction that Newton employed to represent the relations be- 
tween the thicknesses of bodies and the colours which they 
reflect. We have only to consider the divisions 1-3, 3-5, of Fig. 157. 
each vertical line, as representing the lengths of the fits of 

the luminous particles to which this vertical belongs. In the 
particular case represented by the figure, the common point 
of departure of the luminous particles is fixed in ZJB, at the 
the middle of a fit of transmission ; and each of the equal divis- 
ions contained between two transverse lines OCKll', 11'22', 

.22'33' represents the length of half a fit. Then the value 

assigned above for the number of fits which produces complete in- 
version, falls between the 26th and 27th division of the first col- 
umn ZZ\ Now if we draw through this point a line XX\ parallel 
to the axis Z/J, we perceive that it in fact cuts the vertical W' 
almost exactly in the point where it is cut by the transverse line 
answering to 24 24^ ; that is, at this distance from the point of 
departure, the most refrangible of the violejt particles are brought 
nearly to the. middle of a fit of easy reflection, while the least 
refrangible particles having experienced one alternation less, are 
nearly in the middle of the fit of easy trans^mission which imme- 
diately precedes. 

If we repeat the construction for any other more considerable 
thickness, we shall always find in this manner violet particles in 
the same stages of two consecutive fits, and consequently in 
states exactly opposite ; but, in consequence of the lengthening 
of the squares occupied by the several colours, the opposition will 
relate to particles comprehended between the extremes of re- 
frangibility. 

297. It will be found, moreover, that beyond these limits the 
same parallel may pass over squares of diflerent orders belong- 
ing to the same colour ; so that, for the same thickness there will 
be found in these diflerent orders, some particles of the same 
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colour which may be reflected, and others which may be trans- 
mitted. Lastly, if we continue to increase ihe thickness, the 
number of orders of the several colours, which will mix together, 
and the lengthening of their squares will both become so great 
that they will always offer to the reflecting forces a sensibly con- 
stant quantity of light, the particles of which will be in all pw- 
Bible stages of the two kinds of fits. Hence, for each given value 
of these forces, the intensity of reflection will become constant at 
all greater thicknesses, and the particles which present ihem- 
selves being distributed among all the possible stages of the fits 
of diiferent orders, the total qnanfily of light reflected will be 
equal to that which the same surface of the same media would 
reilect in the whole extent of one oi^der, that is, in the enlirt 
space of one simple ring. 

What we have now said with respect to the violet particles 
will apply equally to the olher divisions of the spectrum. With 
respect to euch of these, then, there are limits of thickness be- 
yond which the number of reflected particles will become con- 
stant, for each given value of the reflecting forces, and equal to 
the total number which these same forces would reflect in the 
whole space of one simple ring. 

Now if we collect together all the quantities of the seven kintls 
of light thus reflected in each simple ring, they will form white; 
white then is the colour that will be reflected by all refiecting 
surfaces, whatever be their nature when they are placed at dis- 
tances from the luminous body sufficiently great to allow the 
whole diversity of fits time to display itself. Moreover, the 
intensity of this white will then become constant for each kind of 
reflecting body at whatever distance we place it ; but it will be 
difl>rent for different bodies, according to the greater or less 
energy wliich their own nature and that of the surroundiog 
medium give to their reflecting power. 

298. These results are completely verified by observation; 
when a ray of light has traversed a wide space of air, if we re- 
ceive it upon a polished body of any colour, whether white, 
black, grey, green, yellow, or red, the portion which is reflected 
specularly, making the angle of reflection equal to the angle of 
incidence, is always white. It is true, that if the reflecting body 
is snfficiently dense, it sends off" likewise a sensible portioned 
coloured light, which it scatters in every direction, a; if by 
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^ proper radiation. But this dispersion indicates a mode of re- 
flection different from the first ; and it may he shown that the 
portion of light thus reflected has acquired particular char- 
acteristics, which prove that it has penetrated into the reflecting 
body, and that it is reflected from a certain depth in its sub- 
stance. We cannot, therefore, apply to it simply the considera- 
tions drawn from the succession of fits in the first medium, these 
being adapted only to those particles whose reflection takes place 
in this same medium, merely by the influence at a distance of 
the reflecting body. Now it is a fact that this first reflection 
always gives a ray of the same colour as the incident light, con- 
formably to the theory, and without any regard being had to the 
nature of the reflecting body. # 

In order to be completely assured as to the distinct character- 
istics of these two kinds of reflectbn, we take two opaque ves- 
sels, the insides of which are rendered black, that they may send 
no coloured light to the eye, we pour the most limpid water 
into one, and the blackest ink into the other, and then view ex- 
ternal objects by reflection from these two liquids* We shall 
see these objects in their ordinary colours, and there will be no 
appreciable difference of colour as they appear from the two 
liquids. Here then are two bodies, of which one appears trans- 
parent and the other dark, yet each reflects all the colours. 
The act, therefore, by which this first species of reflection is 
produced, is entirely independent of the property which the 
body may have of appearing coloured to us. The same will 
take place, if, instead of ink, we pour into one of the vessels solu- 
tions of carmine, indigo, or any other colouring substance. These 
liquids will all reflect similar images. Yet if we were to con- 
sider their mass, they would have very different colours ; the 
solution of carmine would appear red, and that of indigo, blue. 
It is true that if these solutions were very highly charged, they 
might at length tinge the images of objects with their own col- 
ours, and more strongly as they were more concentrated ; but 
this addition would at most only weaken a little the intensity of 
the white produced by the first kind of reflection, without des- 
stoying it ; and, in general, it would not sensibly alter it. Thus, 
a cylindrical stick of sealing-wax of the brightest red, when ex- 
posed to the white light of the sky, reflects through its whole 
length a line of white light which always appears on those parts 
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of its surface where the rays can be sent to the eye, making ihe 
angle of reflection equal to the angle of incidence; and the 
brightness of this line is such, thai at the places where it is <*• 
served, we can hardly distinguish the proper colour of the wai, 
which at other limes affects us so vividly. 

In these diU'crent examples, the portions of incident light which 
give the seven principal colours, after traversing a suHicieDl 
thickness of the same medium, which is air, are equally disposed 
to reflection ; this produces the identity of colours re6ecled nl i 
distance by all kinds of bodies. But each body, when applied 
to the same medium, sends a greater or less number of particles 
of each colour, according to the staoes of their fiu at which it is 
capable of reflecting them. Hence the intensity of reflection 
varies with different bodies, while ibe colour reflected remains 
the same. This variation of intensity may also be obtained with 
the same body applied to the second surface of the same thick 
medium. For this purpose, it is sufficient to reduce the thick- 
ness of this body until it becomes less than the distance at which 
the reflecting forces are sensible; for then, as the plates taken 
away, diminish its reflecting power, a portion of the parlicla 
which it would have reflected before must now escape, being too 
far from the middle of their fit of easy reflection, to yield to ihc 
degree offeree which remains. The intensity of reflection which 
it is capable of producing, will therefore, continue to diminish, as 
we reduce its thickness. When these are so thin as .not to reflect 
light sensibly at their second surface, they do not appear abso- 
lutely black ; we observe still at their flrst surface, a feeble re- 
flection, which produces a white ray, if the incident light is white, 
and which, in general, does not change the natural colours of 
objects. 

299. These constant rules by which reflection is determimd 
in all possible cases, from the state of the luminous particles 
when they arrive at the reflecting surfaces, furnish unanswerable 
arguments to prove that reflection is not produced by the collis- 
ion of the luminous particles, impinging against the matter of 
bodies. For if this immediate action were the cause of the 
phenomenon, it would become more easy and more frequent 
according as the thickness of bodies increased, till they reach- 
ed the term of opacity. And if there happened to be a certain 
thickness at which all the particles of light were transmitted, it 



Permanent Colours of Bodies. 287 

would be impossible that, at less thicknesses, any should be re- 
flected. Now we have seen that the contrary takes place when 
we illuminate a thin plate of any substance with a single kind of 
simple light ; for, if the thickness of this plate is variable, luminous 
rings are formed upon it by reflection which are separated from 
one another by dark intervals. Moreover, on the hypothesis of 
a collision, it is impossible to conceive how the same thickness of 
water, oil, air, or glass, when exposed to light under a certain 
incidence, should present a sufficient number of material particles 
to reflect certain kinds of rays, while under a different incidence, 
they transmit these and reflect other kinds. Lastly, when two 
plates of glass touch each other, or very nearly touch, we cannot^ 
on the supposition of a collision account for the fact, that there 
should not be at the point of contact and for some distance about 
this point, a. sufficient number of vitreous particles to reflect a 
sensible quantity of light, while enough are found immediately 
beyond, when the plates are only a slight degree more distant 
from each other. All these phenomena, which harmonize per- 
fectly with the hypothesis of reflection at a distance, and are 
indeed necessary consequences of it, become so many physical 
impossibilities, on the hypothesis of an immediate contact be- 
tween the- particles of light and those of the reflecting bodies. 



Ea!planation of the proper and permanent Colours of Bodies. 

300. After having analyzed all the phenomena of specular 
reflection, whether in thin plates or in thick media, Newton en- 
deavoured to comprehend radiant reflection under the same 
laws. It is in virtue of this property, that bodies always appro- 
priate to themselves a certain portion of incident light, which 
they afterwards send out into spotce as if by actual radiation, and 
which, having always a tint peculiar to each substance, deter- 
mines the proper colour which it appears to us to possess. In 
order to understand how this separation can take place, it is to 
be observed, in the first place, that a variety of chemical and 
philosophical experiments agree in proving that the material 
particles of bodies have dimensions exceedingly small, compared 
with the distances which separate them. It is even possible that 
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in ihose bodies which appear to us most dense, the extent o( 
tbfi interstices may exceed, hj many tliousand times, the built 
of the elementary and impenetrable particles, which constituie 
the material elements. Indeed, it' we suppose that the ultimate 
particles of bodies are united in groups of two and two, three and 
three, four and four, or a greater number, in such a manner that 
in each group, there shall be certain intervals between the par- 
. tides, ainl that the ditrcrent groups shall have much larger inter- 
vals between them ; these groups themselves may be considered 
as united in their turn, two and two, three and three, four and four, 
so as to form groups siill larger, and separated from one another 
by still greater distances. Now if we conceive the elementary 
panicles to be very dense, we may, by multiplying thus the suc- 
cessive orders of groups, compose systems which shall present 
all the degrees of densiiy and rarity we wish. If we suppose, 
for example, in each order, the sum of the spaces comprehended 
between the groups to be only equal to their total bulk, a 
body which has only one order of such groups, will contain only 
^ of its bulk of mailer; with two orders, it will contain only 
i J with three, J ; with four -f'j ; with five, ^\ ; and so on ; so 
that if we continue to multiply ihe orders of different groups, we 
shall forjn systems of an indefinite rarity. It is thus, that in 
the celestial spaces, the particles of a planet, although separat- 
ed f|'om each other, form a group of a certain density, which 
constitutes the body of the planet. Several planets, iaSoitely 
distant from each other, compared with the intervaU bedveen 
their particles, but infinitely near, compared with the diataiKXi 
.of other bodies in the universe, form a rarer system, a group of 
a more compound order. An assemblage of such syatem^, egpt- 
rated from one another by other intervals, almost infinite when 
compared with the orbits of each planet, forms another syal^ 
still more rare, of which nebula: furnish an example. FiDsUji 
we may still conceive of assemblages of nebuls, and bo on, vUb- 
out end. 

301. It being once granted that the particles^ bedi^w 
placed at a distance from one another, this node of coDSlitutiM 
is evidently the most general that we can imagine. Now in 
order to explain how such systems can have peculiar colour* 
which continue the same under all aspects, it is sufficient to nip- 
posc that the groups of particles the most compounded are T'l? 
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small, and that either by their density or their nature, they re- 
fract light much more powerfuHy than the medium or media 
interposed between them. The first condition may be inferred 
from the impossibility of distinguishing these elementary groups 
with the best microscopes; the second, as we shall soon see, is 
necessary in order that theur colours may be permanent under 
all inclinations. 

When a beam of light penetrates such a system, a certain 
number of rays may pass between the groups, without trav- 
ersing them, and emerge again into space. This will be the 
portion of light which the body is capable of transmitting ; but 
there is also a certain portion of rays which will encounter 
the groups, and be forced to traverse them. These, when they 
arrive at the first surface of each group, will experience there 
a partial reflection; but the effect will be insensible, on ac- 
count of the perfect homogeneity of the groups placed before and 
after it. Then the luminous particles penetrating the group, 
and experiencing its action, which is supposed very energetic, 
will acquire fits much shorter, and a succession much more rapid 
than they had in the surrounding medium. For this reason, 
when they arrive at the second surface of a group, there will 
be some among them disposed to be reflected, and others to be 
transmitted. Those which actually undergo reflection, will form 
the proper colour of the group, which, in many cases, will have 
only a very feeble intensity, on account of the attraction of the 
surrounding groups, which may be very sensible. Moreover, 
this colour will be the same under all incidences, if, as we have 
supposed, the refracting power of the group be very great,* 
and if, in addition to this, it can be traversed only near its cen- 
tre, the lateral transmissions being prevented and turned aside, 
by the inflection which light always experiences in passing near 
. the extremities of bodies. The portion of light which has 
thus traversed a first group, and escaped reflection at its second 
surface, will continue to be transmitted until it encounters another 
which produces upon it similar effects. Then, if' the first group 
has not reflected all the rays, which, in the incident light, were 



* This does toot prevent that of the entire body from being very 
feeble. 
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proper lo compose its colour, the second group will reflect a part 
of the rest, and so on from group to proup, uniil the collection of 
rays which form this colour in the incident light is completely 
exhausted. The sum of these reflections then will compose the 
total colour of the entire body, which will thus go on increasing 
in intensity with the thickness, as long as the groups which last 
receive the incident light have any lo reflect, and the portion of 
this light, which shall have escaped the successive reflections, 
will form ihc colour transmitted by the body. 
. 302. If the phenomenon took place exactly as we have de- 
scribed it, the proper colour of bodies would always rigorously 
present one of the tints of the reflected coloured rings, and the 
colour transmitted would be exactly complementary to this lint. 
But it is seldom that the idcnthy of the proper colour with 
one of the rings is complete, and siil] more seldom that the 
colour transmitted is the complement of the one rcllecled. li 
must be observed that light does not traverse bodies, even ibfi 
most transparent, with the perfect freedom we have supposed; 
a part is always absorbed by tlie body, either because it com- 
bines with the material particles, or because it is modified by 
their action in such a manner, as no longer to produce on our 
organs the sensation of vision. Now we may easily convince our- 
selves that this absorbent action is exerted upon the diSereat 
simple rays with unequal energies, the intensity and order of 
which are different for each substance. For if we pour liquids 
of different colours into conical glass vessels, and view them by 
transmission, the colour of each almost always appears lo vary, 
according to the degree of thickness which the. rays havetra- 
versed, and the progress of absorption is generally found to vaiy 
for different liquids, as well as the order in which the rays are 
successively absorbed. This phenomenon, therefore,^ it modi- 
fies the nature of the IransoSitted light, must necessarily destroy, 
almost always, its relation to the reflected lint; and (he reflected 
tint itself may' also be altered to a certain degree, tbough un- 
doubtedly not to the same extent, by a similar cause, that is, by 
the absorption which the rayscompoaiagitexpeFience,'ap'retani- 
ing from the second surface of the groups to the exterior surface 
of the body. Still, in consequence of the small extent of this 
path, the reflected tint must generally be less altered than tbc 
other and indeed its analogy to the reflected rings in very 
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many instances is most evident, as may be proved either by the 
nature of the observed tint, or by the nature of those into which 
it degenerates when the composition or texture of the substance 
undergoes slow and progressive variations. In the Traite de 
Physique, I have given a large number of examples of these re- 
semblances, taken both from the changes of colour which may 
be produced in bodies by chemical operations, and from those 
which nature produces spontaneously by analogous operations in 
vegetation. 

303. All these examples evidently indicate that the proper 
colour of a body is a mere accident, resulting from the dimen- 
sions and arrangement of its particles; as is rendered in the 
highest degree manifest by the following experiment of M. The- 
nard. This skilful chemist having carefully distilled some phos- 
phorus seven or eight times, with a view to obtaining it extremely 
pure, found that it had acquired after these operations a new 
and unexpected property. When melted in hot water, it became 
transparent, and of a yellowish while, as usual. Being left to 
cool slowly, it became solid, remaining of the same colour and 
semitransparent ; but if, in its melted state, it was thrown into 
cold water, and stirred with a glass tube to make it cool sud- 
denly, it immediately became opaque and absolutely black. 
Yet it had not changed its nature, for upon being melted anew, 
it recovered its colour and transparency, and preserved them in 
its solid state when left to cool slowly; so that the same solid 
piece of phosphorus was capable of being rendered at pleasure, 
successively yellow or black, and transparent or opaque. This 
remarkable experiment shows most fully that transparency and 
opacity, colour and the want of colour, arc merely modifications 
resulting from the arrangement and dimensions of the material 
groups of which bodies are composed. M. Clement and myself 
repeated the experiment upon a quantity of phosphorus prepared 
by M. Th^nard, and we had occasion to observe a phenome- 
non which renders this transition still more striking. Having 
thrown our melted phosphorus into cold water, a certain number 
of small globules, perhaps 10 or 12', remained diffused in differ- 
ent parts without losing their liquidity or transparency. It 
appears that either from the slight coldness of the water or from 
some other cause, the particles had gradually arranged them- 
selves, as they do by slow cooling ; but if we only touched one of 
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Ihcm with iho exlrcmily of a glass lube, (his slight tnouon, or per- 
haps the mere atlraclion of (he solid mailer of the lube, insianlly 
determined the solidification of the globule, and it became at once 
absolutely black. This trial, repeated successively upon all the 
parts, was always followed by the same result. The slightest 
agitation, then, was sufficient to cause the particles to arrange 
themselves in one way or [he other. In like manner, when 
water has had its temperature reduced several degrees below the 
point of melting ice, without ceasing lo be liquid, if we throw in 
.the smallest crystal of ice, or, as 1 believe, any small solid 
body, capable of being wet by the water, still liquid, cither of 
these substances instantaneously determines the congelation. 

304. I shall close this subject with an account of an experi- 
ment by Dr Brewster which appears to me to be one of the mos! 
proper for confirming the influence which the arrangement of the 
material particles is capable of exerting, under a variety of cir- 
cumstances, upon colour. Almost every one is aware of the 
vivid and bi'illiant colours presented by the mother of pearl. IL 
appears that they are peculiar lo this substance, as much as 
those of any other natural body are peculiar to that body. Yd 
they result simply from the constitution of its surface, and from 
certain small and imperceptible wrinkles which fnrrQw it, witbotit 
any connection whatever with the nature of its particles. For if 
we take an impression of the pearl, like that of a seal, upon foe 
black wax, or any other substance capable of receiving an aid 
impression, the surface of tbe wax or other sabstance, accinira 
tbe property of tbe pearl and exhibits the same eoloiirs4 



Return of Rai/i refltcted inferiorh/ at the second Surfime of iMofc, 
Iranaparent Media. 

305. When a ray of light, after having penetrated obUqvely 
a plate, with parallel faces, of any thickness, is reflected specv- 
hrlj at its second surface, and returns to emerge tbroaghtbc 
first, the equality of its paths through the plate, before and after 
reSection, gives rise to certain conditions, which detcrsBioe the 

t See note upon tbe colours ef striated bodieai 
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possibility or iinpofisibility of ils emergence. These condhions 
may be established in an abstract manner, by means of the pro* 
perties which Newton has ascribed to the fits ; and their results 
may be compared with those of experiment. In this manner, the 
effects of reflection upon the fits are established conformably to 
the definitions of Newton ; and, by applying them to thin plates, 
nearly parallel, and which exhibit the phenomena of coloured 
rings, we are enabled to ascertain precisely what takes place 
before and after interior reflection, by which the rays are pro- 
duced. This delicate subject can only be suggested here ; those 
who would pursue it further, are referred to the Traiii de P%- 
sique* 



Explanation of Coloured Rings and Fits upon the Hypothesis of the 
Undulations of Light. Principle of Interferences. 

306. If light really consist of matter emitted from luminous 
bodies, the fits are a necessary property, since they are a literal 
enunciation of the alternations of reflection and transmission, 
which the coloured rings present. But if we suppose light oth- 
erwise constituted, these alternations may be represented differ- 
ently. 

Descartes, and after him Huygens and many other philoso- 
phers, have supposed the sensation of light to be produced in us, 
by undulations excited in a very elastic medium, and propagated 
to the eye where the sensation takes place, in the same manner 
as the undulations excited in the air and propagated to the 
ear, produce the sensation of sound. This medium, if it exist, 
must fill the celestial spaces, since it is through these spaces 
that the light of the heavenly bodies comes to the eye. It must 
also be very elastic, since the transmission of light takes place 
with so great a velocity. At the same time it must have an infi- 
nitely small density, since the most careful examination of ancient 
and modern astronomical observations, does not indicate in the 
planetary motions any sensible resistance. This medium must 
evidently penetrate all terrcstial bodies, since all transmit light 
when they are sufficiently thin, and since they modify, by their 
contact, its interior reflection. Moreover, its density in different 



294 Jlnali/sis ofLighl. 

substances mast vary according to their nalare, since the uneqoal 
refractions which they exert upon the same rays, prove that the 
propagation of these rays takes pbce with unequal velocities. 
But what must be the proportions of these densities, for different 
substances, crystallized and uncryslallized? Howls the luminous 
ether introduced into each of them in this stale, and retained there? 
How is it confined in such a manner as not to admit of its spread- 
ing without? Moreover, how is this metlium, so rare, unresisting 
and intangible, agitated by the particles of bodies which appear 
to us luminous ? These are so many points that must be ivell 
understood, or at least well defined, before we can have an exact 
idea of the conditions by which ihe undulations are to be pro- 
duced and propagated ; but they have not as yet been distinctly 
settled. 

307. Nevertheless, if we conceive a body endued with the power 
of exciting an instantaneous agitation in any point of such a oc- 
dium, supposed for the present to be equally dense throughnut 
its whole extent, this agitation will be propagated spherically by 
the same laws as that of the air, except that the velocity will be 
much greater. Each particle of the undulating medium will then 
be agitated in its turn, and afterwards come to a stale of rest. 

If these agitations are repeated in the same point, there will 
result, as in air, a series of undulations analogous' to those of 
sound ; and, as in the latter we observe periodical alternBti(»is 
of condensation and rarefaction, corresponding to the altematioDa 
of direction which constitute the vibrations of the sonorous body, 
80 we may suppose that the successive and periodical vibratioiis 
of luminous bodies produce similar alternations in the luuiinbtis 
undulations. Lastly, as the succession of sonorous undulaikiDS, 
when it is sufficiently rapid, produces on the ear the sensation of 
continued sound, the quality of which depends upon the rapicKty 
of the opposite vibrations, and the laws of condienaatioh and 
velocity which the nature of these vibrations excites io each 
sonorous wave; so, with analogous conditions, the ethereal 
undulations may produce sensations of light in tht eye, i^hich 
shall vary with the diversity of the conditions. Hence the dif- 
ference of colour. In this system the lengths of the luminous 
undulations correspond to the fits of Newton, and the length of the 
fomer is, as wc shall see hereafter, precisely quadruple (hat of 
the latter ; the velocity of propagation, in each case, depends upon 
the ratio of the elastic force of the fluid to its density. 
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, 308. When a sonorous undulation excited in the air, arrives 
at the surface of a solid body, its impulse produces in the parts 
of this body an actual though insensible motion, which sends it 
back. If the body, instead of being solid, be a gas, there is 
still an impulse, which sends the sonorous undulation back, 
but a sensible undulation is produced in the gas, depending upon 
the impression which its surface has received.* The luminous 
undulations must therefore produce a similar effect, when the 
medium, traversed by them, is terminated by a body, in which 
the density of the ethereal fluid is different ; that is, there must 
be produced a reflected wave and a transmitted one ; thus giving 
rise to reflection and refraction. In this system the intensities of 
the rays must be measured by the moving force of the fluid in 
motion, that is, by the product of the density of the fluid into 
the square of the velocity of its particles. 

In order to establish these analogies which appear so remark- 
able, we must follow out the consequences by calculation. We 
must determine by the laws of motion in fluids, how the direct 
waves must be refracted when they pass from one medium to 
another; what is the ratio of the angle of refraction to the angle 
of incidence in substances crystallized and uncrystallized, and 
what is the value of this ratio for each simple ray, according to 
the nature of the vibrations which belong to it. M. Poisson has 
succeeded in solving completely the two first problems, and his 
analysis has indicated the same laws of refraction which are 
established by experiment. He has likewis.e deduced f ram it 
the phenomenon of interior reflection at the point of contact of 
two media of different refracting powers, a phenomenon which 
might have seemed, at first view, incompatible with the hypothe- 
sis of undulations, by appearing to require that the undulations, 

* This phenomenon is observed in the sounds produced with organ 
pipes, when we have introduced successively strata of gas of unequal 
densities, for instance, of atmospheric air and hydrogen gas. The 
sounds which such a compound is capable of producing, have been cal- 
culated by M. Poisson, and the law of the succession is found to be 
perfectly conformable to what direct experiments have shown. Now 
this same theory indicates the mode in which the agitations, excited 
in one fluid, are communicated and divided, when they arrive at an- 
other contiguous fluid. 
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excited in the first fluid, should be reflected there without com- 
municating motion to any other contiguous fluid. The analy- 
sis of M. Poisson removes this difiiculty, by showing that the 
second medium actually receives condensations and velocities, 
but BO small and decreasing so rapidly with the distance, that 
they cease to be sensible at any distance physically appre* 
ciable. But this analysis, which assigns so exactly and so com- 
pletely the smallest particulars of the luminous undulations, offers 
nothing by which we can account for the phenomenon of disper- 
sion, or rather, nothing which is not opposed to it. This circuoh 
stance constitutes an objection to the system of undulations as 
strong as the analysis which leaves it unexplained, is refined and 
complete. M. Poisson, in the course of his calculations on reflec- 
tion, remarked also a peculiarity which the system of undula- 
tions indicates, and which experiment does not present; but he 
observes that this disagreement might vanish, if regard were 
paid to the particular state of the two media in the strata border- 
ing upon their common surface ; so that we are not obliged to con- 
sider it as a positive objection. He has also applied this analy- 
sis to the calculation of the coloured rings formed by homoge- 
neous light, considering each of them as formed, not by the 
alternations of reflection and transmission, which light experi- 
ences at ihc second surface of the thin lamina, as is done in the 
system of emission, but by the simultaneous return, in the organ, 
of the waves reflected at the two surfaces of the lamina, in oppo- 
site ttagcs of unclulatory motion. We cannot here give a more 
extended view of this valuable paper ; but those who may wish 
to pursue the subject further, will find an abstract of it, by the 
author himself, in the 22d volume of the AnnaUs de Chimie et de 
Physique, They will also find in the same volume the results of 
the discussion between M. Poisson and M. Fresnel, respecting 
the manner in which the undulatory system is to be regarded. 

309. When the ear hears at the same time two regular and 
continued sounds, it distinguishes, besides the two sounds, the 
epochs at which the undulations of the same nature arrive 
together or separate. If the periods of these returns are very 
rapid, wc hear a third sound, the tone of which may be calcu- 
lated beforehand from the epochs of the coincidences ; but 
if the returns of these coincidences arc more rare, so that the 
car can (listini^uisli them separately, wo hear a scries of beat> 
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tvhich succeed each other with greater or less rapidity. The 
mixture of two rays which arrive together at the eye, under cir- 
cumstances properly chosen, produces a similar effect which 
was first noticed by Grimaldi, but of which Dv Young was the 
first to show the numerous applications. The best manner of 
producing this phenomenon is the following, proposed by M. 
Fresnel. 

We introduce into a dark room a solar beam, reflected in a 
fixed direction by means of a heliostat, and transmit it through 
a magnifying glass of a very short focal distance, which causes 
it to converge at its focus almost in a mathematical point. From 
this the rays of which the pencil is composed, diverge in all 
directions, and form a cone which increases in magnitude in pro- 
portion to the distance. In this cone, at the distance of 7 or 8 
feet, we place two metallic mirrors, inclined to each other at a 
very small angle, so as to receive the rays under nearly the same 
incidence ; and placing the eye at a certain distance, we view 
at the same time pn each mirror the image of the lummous 
point. In this manner we perceive two images, separated by an 
angular interval depending upon the inclination of the mtirrors, 
their distance from the luminous point, and the distance at 
which the observer is placed. But what constitutes the essential 
circumstance of the phenomenon is, that if we make use of a 
magnifying glass of a short focus, we perceive between the places 
of the two images, a series of luminous stripes, parallel to each 
other, of different colours, and directed perpendicularly to the 
line which joins the two images. When the incident light is sim- 
ple, the stripes are of the colour of this light, and separated by 
dark intervals. Their direction depends simply on the direction 
of the planes of the mirrors, and not on any influence produced 
by the physical borders which terminate them ; for we can turn 
each of the mirrors upon itself, which will change the position 
of the borders without changing the common section of the two 
planes, and the stripes will suffer no alteration. 

310. For the sake of simplicity, let us suppose the incident 
light homogeneous. This case is easily realized for any of the 
colours, by decomposing with a prism a beam of light rendered 
stationary by a heliostat ; we may likewise realize the same comi 
dition, but only for the red, by looking at the stripes through 
certain coloured glasses, which suffer none but this colour to 

Opt. 38 
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jjais. Then, if we consider any one of tlie bright etrifWS 
iurmcd between the two images, we can calculate, by ineanf 
c( the position of the magnifying glass, that of the mirroa 
and the eye, the direction and range of the luminous rays which 
form this stripe and which come from each mirror. The follo«- 
ing are the results of this calculation. 1. The middle of the 
space comprehended between the two luminous jtoiiits is occu- 
pied by a bright stripe, formed of rays whuse ranges from the 
luminous point to the eye are of equal lengths, so that their dif- 
ference is zero. 2. The first bright stripe on the right and left 
of this is formed of rays whose ditfercnce of range is constant, 
and equal to a certain quantity which we shall denote by /. 3. 
The second bright stripe is formed of rays whose difference of 
range is 2 I'. 4. In general, the dift'erence of range for each 
bright stripe is one of the terms of the series 0, /, 2/, 3/, 
41 .... • 5. The dark stripes, intermediate between the prf- 
ceding, correspond to diiTerences of range expressed by \l, 
^l, \l 6. The numerical value of / is exactly quadru- 
ple the length which Newton has assigned to the fits, for the spe- 
cies of simple light upon which the observation is made. 

311, The analogy of these laws to those of the rings is evi- 
'dent. The explanation, upon the hypothesis of undulalims 
is the following; the interval i is precisely equal to the length of 
a luminous wave, that is, to the distance between the poitils of 
ether, which, in the succession of waves are found to have at 
the same instant similar motions and stales. When the ranges 
of the two rays which interfere, differ by exactly half this quan- 
tity, at the place where they cross each other, they occasioa at 
that place opposite motions and slates whose stages are precisely 
similar. Moreover, the motions produced by these partial tindu- 
lations take place in nearly the same direction, on account of tbe 
slight inclination of the rays to each other. Accordingly the 
motions which they lend to produce are to be subtracted, the 
one from the oiher, and as they are exactly equal they mutually 
destroy each other; so that the point of ether where this {>be- 
nomenon takes place, is not agitated at all. The eye, therefore, 
when placed at this point must experience no sensation of l^bl. 
The same must take place in all the points where the difference 
of range of tlie rays which interfere, is f /, | /, J / . . . . , because 
ihey arrive there also in precisely opposite states. On the coo- 
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trary, for th^ bright stripes in which the difference of range is /, 
2 /, S /, 4 {, . • • .the rajs which compose them arrive in precisely 
similar states and stages of motion. Accordingly, the partial 
agitations which they excite are to be added together, and the 
phenomenon of light is produced. This mode of considering the 
combination of luminous undulations and the alternations of shade 
and light which result from them, has been called by Dr Young 
the principle ofinterferenees. 

312. The phenomenon of the alternations of shade and light is 
tertain ; if it were possible only upon the hypothesis of undula- 
tions, it would establish this hypothesis and overthrow that of 
emission. But it does not seem to me absolutely to possess this 
character, so much to be desired whichever side it may favour, 
because it would be decisive. Without violatmg any rule of logic, 
we can equally conceive of the principle of interferences upon 
the hypothesis of emission, by making the result which it ex- 
presses a condition of vision. 

Indeed, the phenomenon of stripes does not prove that the 
luminous rays exert a physical influence upon each other in cer- 
tain circumstances; it only shows that the eye has or has not 
the sensation of light, when placed at the point where the rays 
answer to these circumstances. It proves also. that an unpolished 
surface placed there and viewed from a distance, appears bright 
or obscure. Now, as to the first case, it is possible that vision 
may cease when the retina receives simultaneously rays which 
are in opposite stages of their fits ; and as to the second, when such 
rays arrive at an unpolished surface, and are afterwards diffused 
by radiation in all directions, it is evident that having the same 
ranges to pass through, from each point of this surface to the eye, 
they will preserve, when they reach the retina, the same relation 
as to stages which they had when they arrived at the reflect- 
ing surface ; so that if they were then in opposite states of fits, 
their opposition will be the same when they reach th,e retina, 
and of course there will be no sensation. I do not pretend that 
this explanation is certain or necessary in itself; it is both if 
light be material, because it is merely an enunciation of the 
phenomenon ; but, that the phenomenon from which it is derived 
may not be decisive against the hypothesis of emission, it is suffi. 
cientthat it implies no physical contradiction. 
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313. Dr Young has also applied ihe principle of interferences 
to the oxplanaiion of coloured rings, whether reflected or trans- 
tniited by thin iamuise. According lo him, when we look at a thin 
plate, the light which is refiecied at its first surface interferes in 
the eye with the light which is reflected from the second ; this in- 
terference, therefore, does or docs not produce the sensation of 
light, according as the difference of range of the two rays puis 
them into stages of similar or opposite undulations. But then si 
the point where the thickness of the ptaLc is nothing, the differ- 
ence of range is also nothing; It ought consequently to produce 
a bright spot, whereas ihe spot is aciuatty black. Accordingly, 
Dr Young introduced, in this case, a new principle, nameiji 
that refteciion in the (hin plate causes the rays to lose an in- 
terval 5/, exactly equal lo half ihe length of an undulation. 

- By means of this modification the two rays reflected at the two 
surfaces of the plate, at thn point where (he thickness is nothing, 
acquire opposite dispositions, and consequently do not produce 
the sensation of light when they arrive together at the eye ; after 
which, for the other neighbouring thicknesses, the law of period- 
ical undulations accounts for the alternations of bright and ob- 
scure rings. This law thus modified, satisfies the measures of 
the coloured rings, observed under a perpendicular incidence; 
but for oblique incidences, it does not agree at all with the laws 
established by Newton. The difi'erence is in the most oblique 
incidences. It presents also, with respect to the intensity of 
the rings, some difficulties depending upon the relative pro- 
portions of the two descriptions of light which form them by 
their interference ; and this delicate subject has given rise to a 
very interesting discussion between M. Poisson and M. Fresnel, 
which may be found in the 22d and 33d volumes of the Atmala 
dt Chimie el de Physique, 

314. We have considered only the rings which are seen by 
reflection; those which arc seen by transmission, are formed 
according to the system of undulations, by the interference of the 
rays whose transmission is direct, with the rays, which, after 
being first refiecied at the second surface of the plate, are also 
reflected by the first when they return to it, and are thus sent 
towards the eye, at which they arrive without other modifica* 
tion. Ill this case, the point where the thickness is nothing, 
gives a white spot -according to experiment ; and consequently 
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there is no constant to be added as in the reflected rings ; but 
the subtraction or addition of a constant is necessary in many 
other cases. Hence we see that, in reality, the principle to 
which we here ascribe the phenomena, produces and expresses 
nothing but their periodical appearance* 

According to this system the thicknesses at which the rings 
are formed, indicate the length of the undulations in each sub- 
stance. Now for the same mode of vibration of the luminous 
body, the length of the waves must be equal to the path which 
the light describes during the time in which this vibration is per- 
formed ; since then, we find the undulations shorter in substances 
of a greater refracting power, the velocity of transmission must, 
in this case, be less according to the same law, that is, it must be 
reciprocally proportional to their ratio of refraction. 

315. If we consider the alternations of shade and light, as 
produced by the superpositions of luminous undulations of the 
same or a different nature, we can give a physical sense to the 
explanation of the phenomenon ; and this is the manner in which 
Dr Young first presented the principle of interfei'ences ; but we 
may also detach it, as he has done, from every foreign con- 
sideration, and present it as an experimental law. In that case 
it is expressed by the following propositions. 

(I.) When two equal portions of lights in circumstances exactly 
similar, after having been separated, coincide again in nearly the 
same direction, the sensations which they would separately produce, 
unite with, or counteract each other, according as the difference of 
time employed in their sqtarate paths, is an even or odd multiple of 
€t certain semi-interval, which is different for the different colours, 
but constant for each kind of simple light. 

(2.) In the application of this law to different media, the velocities 
of light must be supposed to be reciprocally proportional to the ratios 
of refraction of the medi^ ; so that the rays will move more slowly in 
substances more dense, and more rapidly in substances more rare, 
according to these ratios. 

(3.) In reflection from the surface of a rarer medium, from some 
metals, and under several other circumstances, a semi-interval is lost. 

(4.) The lengths of these intervals are always quadruple the 
lengths of the fits assigned by Kewton to the same colours. 

316. In order to give an example of these laws, suppose that 
when two simple and homogeneous rays interfere and form 
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stripes, Id tbe experiment with the two mirrord, we interpose in 

the path of one of these rays a very thin plate of glass, which it 
is to traverse alone. According to the second condition, its 
course through ihe glass will be less rapid than in the air, 
in proportion to the ratio of refraction. Consequently, when, 
after emerging from the glass and continuing its course, it encoun- 
ters the ray with which ii interferes, its ratios of interval will 
be different ; and in order to recover the same intervals we 
must conceive another ray so directed that its retardation in 
the glass shall be compensated by the shortening of the path be- 
longing to its new dii'ection ; consequently the coloured stripes 
which were formed, before the interposition of the glass, will be 
displaced, and by a quantity which may he calculated from the 
thickness of the plate and its ratio of refraction. This result is 
confirmed in the strictest manner by the observation of M. Arsgo 
to whom we are indebted for the experiment. 

Accordingly, if we observe the displacement of the stripes thus 
produced by a given plate, which may be done with great pre- 
cision, we can evidently deduce from this observation the ratio 
of refraction for the plate in question ; we can also compare 
the refractions of different substances together, by interpos- 
ing equal or unequal laminse of each in the direction of thr 
two rays which interfere. M. Arago and M. Fresnel have tried 
this method, and it has been found so exact, as to enable them 
to measure differences of refraction which could not be measnred 
in any other way. 



Diffraction or Infleclion oflAght. 

317.' DiFFBACTiON is a modification which luminous rays un- 
dergo, when tl.cy pass near the extremities of bodies. They are 
in this case turned out of their direct course, and unequally, ac- 
cording to thejr different rctrangibility. This phenomenon may 
be rendered evident by the following experiment. We introduce 
into a dark room a fixed solar beam reflected horizontally by a 
heliostat, and receive it perpendicularly upon a white vertical 
screen, situated about 18 or 20 feet from the window. In this 
case, if the aperture by which the ray is introduced is circular, 
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and atieast ^V ^^ ^ ^^^h in diameter, the circular image of the 
«un, projected upon the screen, will experience no very sensible 
alteration in its whiteness. But if we place, in the axis of the beam 
about 7 or 8 feet from the window, a circular plate of metal, 
pierced with a very fine needle, and intercepting all the light ex- 
cept what passes through this small hole, and if we receive this 
light upon the same screen, or what is still better, upon a glass 
plate situated at the same distance, the face which receives*the 
ray being very slightly ground, and the eye being placed be- 
hind the other ; we shall no longer see one single circular spot 
of white light ; but this spot will be surrounded by several col- 
oured rings concentric with it, the total extent of which will con- 
siderably exceed that which the beam would have occupied, if 
the rays which compose it, had followed their rectilinear direc- 
tion ; for, from the dispositions we have supposed, these rays 
would only form with each other extremely small angles* We 
are obliged therefore to conclude, that in passing through the 
small hole in the metal, they have experienced a modification 
which dilates them into a cone with a much greater opening, or 
rather into several cones according to their different refrangi- 
bility. As a proof that the inflection is produced in the aperture 
or at an infinitely small distance from it, we have only to bring 
the ground glass upon which the rings fall, gradually nearer, 
and we shall see them unite and contract more and more, as if 
they emanated from the aperture. At a very small distance we 
find that the rays have experienced all the inflection which they 
ought to acquire ; for if we place the eye very near the aper- 
ture and look through it, we shall see the first opening bordered 
with similar coloured rings, which are nothing but the images 
traced upon the retina by the inflected rays which fall upon it. 
Moreover, if this aperture be formed in a manner ever so slightly 
irregular, leaving a serrated edge, we shall perceive the small 
parcels of the metal glittering with a variety of colours, resulting 
from the unequal diffractions which they produ<?e in the different 
rays. 

If we now replace the glass at a suitable distance for exhibit- 
ing the rings in a sensible manner, and examine attentively the 
order of their colours, we shall see, that in each ring the blue 
and violet are on the inside, and the orange and red on the outside, 
precisely as in the rings reflected between two spherical glasses ; 
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80 that the same laminous particles, the reflection of which in 
each order took place at the greatest thicknesses, experience 
here, at an equal distance from the centre of the image, the 
greatest deviations. 

318. In order to examine this analogy more accurately, we 
roust follow the process of Newton, and decomposing the solar 
beam by a prism, project successively upon the small aperture, 
the different simple colours, always taking care to have their 
incidence perpendicular to the plate in which the aperture is 
made. When this is done, we perceive only rings formed of 
these several colours, and separated by intervals absolutely 
black. Hence it follows, not only that the inflection causes each 
kind of simple light to deviate, but that this deviation has differ- 
ent degrees and not a continuous progression ; in so much that 
each kind of simple light, deflected by the influence of the smaU 
aperture, is thrown in part upon the first ring of this colour, or 
upon the second or third, but never upon the intervals which 
separate them. This also is analogous to the periodical inter- 
missions of reflection in thin or thick plates ; and in the same 
manner also we find that the diffracted simple rings are greater 
in the blue than in the violet, greater in the green than in the 
blue, and so on to the red, where the rings are largest. 

319. We cannot here make known the ratios of magnitude 
of these rings in the different orders and colours ; but what has 
already been said is sufficient to show how the phenomenon may 
be varied. As in the case of capillary attraction, the action 
exerted by the interior contour of circular tubes, is also exerted 
at the interior surfaces of all other tubes, whatever be their form, 
on account of the small distance at which it is sensible ; so the 
inflecting action exerted at the perimeter of a circular aperture 
upon the luminous particles which pass very near iXs borders, 
must also be exerted according to similar laws, though per- 
haps with unequal intensities at the different extremities of 
bodies, terminated by right and curved lines; and luminous 
fringes are in fact always formed about these lines, the colours 
of which are arranged in the same manner as in the rings dif- 
fracted through a circular aperture. 

Let us take, for example, two plates of the same substance, 
brought to an edge, and place their rectilinear extremities parallel, 
at a small distance from each other ; then, in order to produce a 
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small variation in the distance between these extremities, suppose 
one of them fixed, and the other adapted to a frame moving with 
a screw, that it may be made to approach the first gradually, as 
the moveable wire of a micrometer gradually approaches the 
fixed wires. This apparatus, invented by 'sGrtvesande, is repre* 
sented in figure 174. We substitute it in place of the sin- 
gle plate, pierced with a circular aperture, and cause the most 
central parts of a compound beam to fall perpendicularly be-* 
tween the edges of the plates. Then, if we first separate 
the plates to some distance from each other, ^ an inch, for 
example, the screen or ground glass, remaining at the same 
distance as before, we shall perceive no very sensible traces 
of colour in the transmitted light ; there will only be formed 
upon the screen a white image, rectangular like the interval 
between the plates. But if we bring them slowly towards 
each other, keeping them parallel, the longitudinal sides of the 
image will be bordered on the inside with several very fine 
white lines, more luminous than the rest of the image; and as 
the plates approach still nearer, these luminous lines will change 
into coloured fringes, separate from each other, which will 
throw themselves to considerable distances on both sides of the 
shaded part, still leaving between them a white rectangular 
image, more dilated than the preceding. If we examine the col- 
ours of these fringes when they are well developed, we shall find 
exactly the same order as in the circular rings ; that is, violet on 
the inside, red on the outside, and the intermediate colours in the 
intermediate zones of the several stripes. This being observed, if 
We still continue to bring the plates nearer, the successive fringes 
will be thrown farther into the shade, which proves that the 
inflections producing these fringes are thus increased ; and 
this increase will continue as long as the plates continue to ap- 
proach. 

320. This description supposes that the opposite edges of the 
plates are kept constantly parallel. When the frame which carries 
the moveable plate does not satisfy this condition, the fringes 
will no longer be composed of parallel stripes ; but, accord- 
ing to the direction of the edges which produce them, they will 
take a trapezoid form, being largest on the side where the plates rig. 17 
appi^ach nearest, and more contracted where they most diverge. 
In order to be able to produce at pleasure these different degrees 
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of inclinalion, we give to the fixed pbte a inaiioii oC rotitaM^- 
Vi(fr ne. leept steady bj friction, about one of its fwints d, by means of. s 
metallic fod fiied to its sapporC, and passing throogk' ft atlhis 
point. iSben fay moving the part JIf, either directly .or iraths 
screw, we can givo the plate the obliquity feqaired. This a^nws 
abo to establish a perfect paralleUsm ^ for if we first l^rti^ the 
aaoveable plate into contact witb the other, r^denog tho^ssotim 
of the axis C so firee that the plate 1/ can be easily turned, the 
two edges will necessarily, touch throogh their^ whole' cztesl^ 
and if we fix £/ in this position, and remove L by thei«otiimif 
its screw, their parallefom will continue, as may be mBO ^ wn A 
by the parallelism of the fringes- which server as a veryaeoBbk 
index for this purpose. We must, however,<take speciaticars is 
producing the contact, not to press the plates strongly* agaiost 
each other by .the action of ' the«screw; for.if they aue thai,sl 
they .ought to be, in order that ' their :.edges may be perfecdf 
rectilinear, this pressure would alter their shape and eons* 
quentiy produce irregularities in the configuration. of the Jringctt 
. 321* If we bring the:fidges to a state of paralleUsni» and pIsA 
the ground glass at a greet distance compared with their sqh 
aration, so that the number of fringes would not be sensibly 
increased by removing it farther, we find the following remark- 
able result, which JVL Pouillet and myself have confirmed by a 
variety of experiments. The deviations experimced by the teoerd 
species of luminous particles in any media v)hatever, under a perpwr 
dicular incidence^ and for a given interval between the plaiesj are itr 
tertnined by the lengths of the Jits of the lumimms particles in thest 
media^ and are proportional to them. Hence it follows, that they 
vary from one medium to another, as the fits themselves, that is, 
in the inverse proportion to the ratios of refraction. Figures 177 
and 178 represent the proportions and the distribution of parallel 
fringe^, formed according* to the preceding law, for the different 
kinds of simple colour. 

As we progressively remove from each other, the two edges 
between which the light passes, the distance of the fringes from 
each other will continue to diminish till it reaches a certain limit 
after which their deviation will remain constant, even when one 
of the plates is taken entirely away. This proves that one edge 
is sufficient to form fringes in the light that passes near it ; and 
hence we may conclude that the same effect will be produced by 
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all the extremities of bodies, that limit the reedium through 
which light is transmitted. Accordingly, if we introduce a beam 
of simple light into a dark room, and receive it at a considerable 
distance upon ground glass, we observe that the extremities 
of all the bodies near which this light passes, are bordered with 
luminous fringes, similar to those produced bj the two plates when 
very distant from each other, and exposed perpendicularly to 
the luminous ray. This last condition is necessary to the pre- 
cise enunciation of the phenomenon ; for we may observe very 
large fringes between two distant edges, if we incline them con- 
siderably to the incident light ; and, for the same reason, sim- 
ilar fringes are also formed by reflection, when the incident ray 
grazes the borders of surfaces under a very great obliquity. 

322. But if the single body which forms fringes by its inter- 
position, has dimensions so small that the beam of light can 
completely envelope it, projecting over the opposite sides, the 
simultaneous influence of these two edges produces new phe- 
nomena, which become sensible at less distances, according as 
the intercepted portion of light is narrower. For the sake 
of distinctness, suppose that the body is a small opaque rect- 
angular lamina, only a few hundredths of an inch in width. 
Then, besides the exterior fringes formed on the parts situated 
towards the light, as when the body is of an indefinite size, other 
fringes appear within the shade. When the incident light is 
simple, these fringes are of the same colour with that ; and are 
separated from one another by intervals absolutely black. 
Their number is always odd, so that there is always one at the 
centre of the shade. If we receive them first at very small dis- 
tances, and then gradually at greater, they are at first very fine 
and almost imperceptible ; then they gradually extend and 
become more distinct, and their intervals enlarge at the same 
time. If we receive them upon ground glass where we can ob- 
serve their formation, we recognise in them the preceding pecu- 
liarities ; but the observation is rendered very much more pre- 
cise and distinct, if we employ the diflerent arrangements invent- 
ed by M. Fresnel, and which apply with equal advantage to all 
the experiments on difiraction. After having fixed the direction 
of the luminous beam by receiving it from a heliostat, M. Fres- 
nel concentrated it by a strong magnifier, in a radiating point, 
almost mathematical, as in the fundamental experiment on inter- ^ 
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fpreoces; and he placed the body in the divergent cone fortnad 
by this Leaui, either perniiuing all the rays lo pass, or when 
be wished to operate with homogeneous light, causing the bfamio 
pass ihrough a glass which Iransmitied only the red rays. Then, 
instead of receiving ihe diffracted stripes upon ground glass, he 
received Ihein iramediolely upon ihe eye, thus preserving much 
more ol' the brilliancy. Lastly, in order to join to this mode of ob" 
'Servalion a means ofmeaBurement, he applied ip the eye a magni- 
fier fined upon a firm foot, and adapted to move horizontally, by 
means of a screw, along a scale divided into equal pans. Thu& 
he was able to bring the axis of ibis magnifier su' cessively be- 
fore each bright or dark stripe; and he fixed precisely the 
position of this stripe, by refriTing it to a very fine wire exiejulnl 
before the glass exactly at its focus. In this manner he was able 
to measure upon ihe scale of equal parts, the intervals of itie 
Btripes, by knowing the distance through which the wire passed 
to apply ilself lo each of them; and this method is so exact that 
none of ihe most minute cirrumsiances of the phenomena can 
escape observaiion ; and hence nothing was wanting in order to 
determine ihe physical laws of these phenomena. 

According to a very ingenious remark of Dr Voung, ibe 
rature iiid arrangement of the stripes may always be repre- 
Benled with a very near approximaiion, by supposing that ihe 
light which falls u|M)n the borders of the bodies interposed, dans 
off radiating in all directions from these borders, and interfering 
either wlih iiself or with the light which continues lo be iratu- 
milted directly. 

. Let us take, for example, the case where the body interposed in 
the luminous coFie, is a simple opaque lamina with rectilinear bor- 
ders. We have seen that in this case two systems of fringes are 
formed, one exterior with respect to the shade of the lamina, and 
the other interior. According to Dr Voung, the interior are form- 
ed by the mutual interference of the luminous beams which pro- 
ceed from the opposite borders of the plaie, by virtue of radiant 
reflection. Indeed these two portions of light are precisely in ibe 
same situation as ihe two luminous points reflected in the experi- 
ment with the mirrors ; also the disposition of the interior stripei, 
whether luminous or obscure, as well as the ratios of their 
intervals, are absolutely similar. If we conceive the series of 
points in space where the same kind of interference U produced 



9i different ^istanoesbeMod the lamin^t^ which gives ihe^succei*^ 
^ive places where the same stripe appears, we shall find that 
these points are sensibly in a straight line ; and their intervals 
when measured, are ei^actly con(bvoiable lo. what the calculation 
of the interferences indicates* 

3S3t. With respect to the exterior Stripes, we may consider 
them as formed by the interference of the light directly tra.na*- 
Qiitted with the light radiated by each border ; but here, as ia 
the case of the reflected rings, we must suppose the loss of aa 
interval equal to j- /• We thus find (hat the successive positions 
in which each stripe ought to appear, for the different distances^ 
are not in the same sti^ight line, but in hyperbolic curves 
of the second degree ; and this is perfectly confirmed by e^peri-^ 
ment. We must not infer from this, that in diffraction the mo-* 
tion of light is not rectiiineary for it is not the same ray of light: 
which forms the stripe of the same order at different distances i 
qind the rays alone are subjected to rectilinear motion. The: 
change of ray at different distances m^ay be inferred from 
this sinxply, that we can view, the stripes in spare, either with 
the naked eye or with a magnifier ; for it is necessary that 
the rays which form them should converge and afterwards sepa- 
iiate, in order that the magnifier may be able to receive them, 
and give a sensible image of their point of meeting* 

In the case where the diffracted stripes are formed by the 
passage of a luminous beam between two plates with reqtilinear 
borders, we may with a very near approximation, attribute them, 
to the interference of the two portions of light which fall upon, 
the opposite borders of these plates. 

Nevertheless, there are several physical peculiarities of the 
phenomenon, which are not easily reconciled with this hypothe* 
sis. M. Fresnel has even shown that the measures of the stripes 
are not completely explained when they are taken with extreme 
precision. He has found that the feeble portion of light, capable 
of being reflected by the borders of bodies, is not sufficient to 
produqe the intensities of the observed stripes, and that we must 
suppose the concurrence of rays which pass exteriorly to the 
sphere of contact of these borders. Accordingly, he considers 
all the parts of the direct luminous undulation, as so many cen- 
tres of distinct agitations, the effects of which must extend sphe* 
licaUy: tQ all points of space to which they can be propa- 
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gated ; after wliich, for each of these points the definitive effect 
must result from the interferences of all the partial agitations 
which reach it. If ihis supposition be applied to the free propa- 
gation of a spherical wave, in a homogeneous medium, it gives 
a diminution of light reciprocally proportional to the square of 
ihe distnncc, agreeably to observation. But when a part of the 
wave is intercepted, it indicates in the different points of space 
to which it is afterwards propagated, alternations of shade and 
light, which agree miniilely in their disposition and intensity, 
with what we observe in the dilTracled sirij^es. This principle 
has enabled M. Fresnel to comprehend, with extraordinary pre- 
cision, all the cases of diffraction, and to unite them in formulns 
which express under ail circumstances their mutual dependancc. 
But the exposition of these nice results would lead us beyond 
the design of an elementary work. While we admit all that is 
established in this case by experiment, it must be allowed that 
the theoretical deductions from the principle of partial agitations, 
as explained by M. Fresnel, has been called in question by ge- 
ometers of the highest authority, particularly by M. Poisson. 
See Amahs dt Chmir el de Phjslque, for 1 323. 

324. ! will licfc add the enunciation of a singular phenomenon, 
which is easily explained on the principle of interference?. 
When a narrow and opaque lamina forms interior fringes with 
respect to its shadow, these fringes may be made to disappear, 
by placing an opaque screen in contact with one of the borders, 
or interposing it to a certain degree in the luminous rays, either 
before or behind theopaque lamina. This phenomenon was dis- 
covered by Dr Young. M. Arago has added the circumstance, 
that the disappearance may be effected in like manner by the 
approach of a transparent screen sufficiently thick, and that it is 
progressive according to the thickness; so that thin screens 
at first only transfer the fringes from the Side where they are 
found. It is remarkable that the quantity of this transference 
may be calculated according to the laws of interferences, when 
we know the thickness and refracting power of the plate. If two 
screens arc placed on the two sides of the opaque lamina, the 
effect is equal to the difference of the transferences which each 
of them would have produced separately. MM. Arago and 
Fresnel have made use of this process in measuring the refract- 
ing power of gaseous substances, and it has been attended with 
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a precision of which no other method is capable. See Annates 
de Chimie et de Physique^ for 1816 and 1817. 

325. The principle of interferences is as yet the only one by 
which we have been able to explain the peculiarities of diffrac- 
tion ; and in this particular the phenomenon favours the theory of 
undulations. Nevertheless, if we examine carefully the details 
of the explanation, we shall find it to be rather a representation 
of the phlsnomenon, than a rigorous mechanical theory of it. 
It were a great desideratum, therefore, to account for this phe- 
nomenon upon the principles of the materiality of light, which 
have hitherto given us such clear ideas and such precise meas- 
ures as to so many of its other motions. It would be necessary 
to determine the kind of forces which the particles of bodies ex- 
ert upon the particles of light, in order to inflect them as they are 
inflected in the diffracted stripes, and to do this independently of 
the chemical nature of these bodies, and simply according to the 
form of the borders which terminate them. But this appears to 
be very difiicult 5 and it is probable that if such forces exist, they 
are of a different character from any which is presented by the 
ordinary phenomena of refraction and reflection. 
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NOTES. 



I. 

On the SpheromeUr, 

This instrument was invented by M. Cauchoix for the purpose of 
measuring the curvature of spherical glasses. It consists essentially 
of three horizontal branches of steel, making with each other an- 
gles of 120°. At the extremities of these three branches and per- Fig. 17i 
pendicular to their direction, are three steel rods, the ends of which 
being drawn out into small cylinders and turned with extreme pre- 
cision, are terminated by three planes of a very small extent. At 
the centre of the three branches is a screw accurately formed, the 
head of which carries a graduated dial. When we wish to employ 
this instrument for measuring 4he equality of curvature of a spherical 
glass, we first place it upon the surface of the glass and turn the cen- 
tral screw until it comes exactly in contact with the glass, which will 
be indicated by the circumstance that then the instrument may be 
turned upon the glass with perfect freedom, and without any sensible 
jostling in its motion. This being done, we transfer the instrument 
to other parts of the surface, when the least change of curvature will 
become appreciable, because the centre screw and the three points 
will no longer touch simultaneously. When the screw no longer 
touches, the weight of the instrument rests entirely upon the three 
feet, and its rotation produces a hard friction, and a sound very dif- 
ferent from what it produced before. If, on the contrary, the screw 
descends too far, the instrument will jostle upon the three feet, in 
such a manner as to become sensible to the ear and the touch. The 
precision of these two indices is truly incredible ; no other known 
process of art can be compared with it. To be convinced of this, we 
have only to place the spherometer upon a piece of plane glass, turn 
the screw until it comes in contact with its surface, and then turn it 
a little to the right or left, until the want of contact becomes sensible 
by the roughness of the friction or the sound of jostling ; if then, we 
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read by means of the index how alight a roovement of the screw is 
necessary fur this change, it will appear truly asionishiag. 

From what has been said, we_ may determioo whether a glass sur- 
face supposed to be plane is really so; for when the screw of tlie 
sphcrometer has been brought just iuto coutact on one part of thit 
surface, we have only to transfer the instrument to the other parts of 
the glass without touching the scrow, and we shall see if the contact 
still conlinues with the same precision. 

Let us suppose this condition satisfied- If then we slide bclwecD 
the glass piano and the point of the screw, a plate with parallel faces, 
bowever thin we suppose it, it is evident that the spberomeler wiH 
jostle. The quantity by which it is necessary to turu the screw to 
restore the contact will determine the thickness of the plate inter- 
posed. But (he pressure of the screw upon the plate in this operi- 
tion, might break it if it were very thin, or at least might mar it» 
surface if it were susceptible of indentation. To avoid this, ths 
plate must not be inserted directly under the screw. Wo should 
first place the screw upon a fragment of plane glass with parallel 
faces, whose equality of thickness has been previously verified by 
the Bpheroraeter. This fragment being placed upon the principal 
glass plane, we bring the screw into esact contact with the upper 
surface, the three other points resting on the principal piano j then 
we introduce between ihis last and the frairment, the plate which 
we wish to measure. After this iuterposition the spherometer will 
jostle, and the contact is restored by turning the screw ; the distance 
through which the screw moves, marked by the index, will indicate 
the thickness sought ; and this will be done without the slightest 
risk, however fragile or thin the plate may be. 



Polarisation of Light. 

The polarisation of light is a property discovered hy Malus, which 
consists in certain aSectlons that the rays of light assume on being 
reflected by polished surfaces, or refracted by these same surfaces, 
or transmitted through substances possessing double refraction. 

Though it would be impossible here to give a complete eipositioD 
of the details of these phenomena, we will at least describe some o( 
the experiments by which they may be exhibited. 

The Grst and principal of these consists in giving to light a modifi- 
cation, such that liie rays composing a pencil will all escape reflec- 
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tion when they fall on a reflecting surface under certain circum ' 
stances. 

As an instance, suppose a beam of solar light SI to fall on the first 
surface LL of a plate of glass, smooth but not silvered, making with Fig. 166. 
the surface an angle of 35^ 25' ; it will be reflected in the direction 
II' y making the angle of reflection equal to that of incidence. Let it 
then be received on another plate of glass, smooth but unsilvered, 
like the former ; generally speaking it will be again reflected with a 
partial loss. But the reflection will cease altogether if the second 
glass be placed like the first, at an angle of 35° 25' to the line IT, 
provided also it be so turned that the second reflection shall take 
place in a plane 11 L' perpendicular to that of the first, SIL. 

In order to make this disposition of the glasses more clearly intel- 
ligible, we may imagine that II is a vertical line, that IS is directed 
north and south, and IL east and west. 

Before we enter upon the inferences to be drawn from this re- 
markable experiment, I will make a few observations on the manner 
of performing it. 

Many kinds of apparatus may be devised to attain this end. A 
very convenient one is represented in figure l67. It is very sim- 
ple, and is sufiScient for all experiments on polarisation. It con- 
sists of a tube TT", to the ends of which are fixed two collars which 
turn with sufficient friction to keep them fast in any position. Each 
of them bears a circular division which marks degrees. From two 
opposite points of their circumference proceed two brass stems TV^ 
T V'y parallel to the axis of the tube, and between them is suspended 
a brass ring A Ay which may be turned about an axis XX perpendicular 
to the common direction of the stems. The motion of the ring is like- 
wise measured by a circular graduation, and it may be confined in 
any position by screws. When a plate of glass is to be exposed to 
the light, it must be fixed on the surface of the ring ; then it may 
be placed in any situation whatever with respect to the rays of light 
which pass through the tube ; for the collar^ turning circularly round 
the tube, brings the reflecting plane into all possible directions, pre- 
serving a constant inclination to the axis, and this inclination may be 
varied by means of the proper motion of the ring round its axis XX. 
The graduated circle which regulates this motion should mark zero 
when the plane of the ring is perpendicular to the axis of the tube, 
and the divisions on the two collars should have their zeros on the 
same straight line parallel to the axis. In constructing the apparatus 
one should take care that these conditions are fulfilled ; but it is of 
no great consequence that they be so exactly, as any error may be 
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CD nip ens a ted by repeatiu^ each observation on botli sides of ib« 
axis, aad taking ths mean of the numbers of degrees found in the two 
opposilti positions. 

If it be deaired, for instance, to repeat Malua's cxporioient describe 
ed above, a plate of glaas must be placed on each ring, and ihej 
mvist be disposed so as to be inclined to the axis at angles of 32" 23'. 
Then tho graduated circle of one of the collars must be brought to 
mark zero, and tho other 90°, that the planes of reflection maj be 
perpeodicutar to each other. The tube must then be secured, and a 
candle placed at some dislanca in such a position that its rays may 
be reilected by the glass along the axis TT. This will happen when 
on looking through the tube the reflection of the candle is seen in 
the lirst glass. Every thing being thus ai'ranged, the retlect^d rayi 
will meet the second glass at the same angle of 35° 35' ; then ac- 
cording to the different positions given to the collar T V which car- 
ries this glass, the light proceeding from the second reflection will be 
more or less intense, and there will be two particular positions ia 
which there will he no reflection at all, of those at least which 
are specularly reflected by the first glass. Care must be taken lo 
put a doik object behind tlje glass L'L' on the side opposite to the 
reflected lighl, in order to intercept the extraneous rays which might 
be sent on this side from cttorior objects, and wliich, passing through 
the glass, and arriving at th« eye, would mix with the reflected 
rays that are the subject of the observation. The same precaution 
should be taken for the glass LL ; and indeed as this is never used 
except to reflect light at its first surface, the back of it may be black- 
ened once for all with India ink, or smoked with a lamp; it would 
qot do to silver it for a reason that will be given hereafter. 

For the light of the candle mentioned above nvty be substituted 
that coming from the atmosphere, which may be received into the 
tube when reflected by the flrst glass LL ; but in this case to pre- 
serve to the rays the precise inclination required for the phenooie- 
non, the field of the tube should be limited by some diaphragms with 
very small apertures placed within it. The first glass should be 
blackened or smoked as before mentioned to intercept any rays that 
might come by refraction from objects situated' under it. In this 
manner, on looking through the tube, when the glass LL is turned 
towards the sky a small brilliant white speck will be seen, on which 
all the experimeuls may be made. The perfect whiteness of this 
spot is a great advantage ; it is au indispensable qualification in many 
cases, where ditTercnt tints are to be observed and compared ; it is 
impossible to succeed as well with the flame of a candle or any other 
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inflamed substoice, «8 aone of these flames are perfectly white« 
Lastly, the brightness of the ineident l^ht must be modified, so that 
the portion irregularly reflected by the two glasses may not be sensi- 
ble ; for this portion, being after such reflection in the state of radi- 
ant light, cannot be polarised in one single direction ; the other part 
which is regularly reflected, alone undergoes polarisation, and there- 
fore alone escapes reflection at the second glass. 

Whatever be the nature of the apparatus employed, the process 
will always be the same, and the same phenomena of reflection will 
be observed on the second glass* To exhibit them in a methodical 
manner, which will allow us easily to take them all in at one view, 
we win suppose, as above, that SIL the plane of incidence of the 
light on the first glass coincides with that of the meridian, and that 
the reflected ray IF is vertical. Then if the collar TT which bears 
the second glass be turned round, this glass will also turn the reflect- 
ed ray, making continually the same angle with it, and the second re- 
flection will be directed successively to all the difierent points of the 
horizon ; this being premised, the phenomena that will be observed 
are as follows ; 

When the second or lower glass is so placed that the second re- 
flection shall take place in the plane of the meridian like the first, 
the intensity of the light, finally reflected, is at its maximum. As this, 
glass is turned round it reflects less and less of the light thrown on it. 

Finally, when the lower glass faces the east or west point, all 
the light passes through it, without being reflected at either sur- 
face. 

If the collar be turned still farther round, the same phenomena 
recur in an inverse order, that is, the intensity of the light reflected 
increases according to the same degrees by which it before diminished, 
and attains the same maximum state when directed towards the me- 
ridian, and so on through the whole circle. 

It appears then, that during a whole revolution of the glass the 
intensity of the reflected light has two maxima answering to the azi" 
mmika and 180^, and two minima answering to 90^ and 270^. 
Moreover, the variations are altogether similar on difierent sides of 
these positions. These conditions will be completely satisfied by 
supposing, as Malus does, that the intensity varies as the square of the 
cosine of the angle between the first and second planes of reflection. 

The results of this interesting observation being thus collected into 
one point of view, we may draw this general conclusion from them, 
that a ray reflected by the first surface is not reflected by the second 
(under a particular incidence), when it presents its east or west side 
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to the aurface, hut that in all othsr positions it is niore or less re- 
flected. Now if light be an emission, a ray ol' light can be natli- 
ing else but the rapid succession of a series of particles, and the 
sides of it are only the different sides of these particles. We mijsi 
therefore necessarily conclude that these have faces endued witli 
different physical properties, and that, in the present case, the fini 
reflection turns towards the same point of space, faces, if not similar, 
at least endued with similar properties. This arraagemept of lb« 
particles Mains denominated the polarisation of light, assimulatiov 
the operation of the first glass to that of a magnet which turns th« 
poles of a number of needles all in the same direction. 

Hitherto we have supposed that the incident and reflected rays 
made angles of 39° 25' with the glasses; it is indeed only under that 
angle that the phenomenon takes place completely. If while the 
first glass remains fixed, the inclination of the second to the ray be 
ever so little altered, it will he found that the second reflection will 
not he entirely deslroyod in any position, though it will still be at* 
minimum in the cast and west plane. If again, the inclination of the 
ray to the second glass being preserved, that on the first be changed, 
it will be seen that the ray wilt never pass entirely through the 
second glass, hat the partial reflections which take place at its siu^ 
faces are at a mininiuiu in the above mentioned position. 

Similar phenomena may be produced by means of most trans- 
pareut substances besides glass. The two planes of reflection most 
always be at right angles, but the angle of incidence varies with the 
substance. According as the refracting power of this is greater or 
less than that of the ambient medium, the angle of polarisatiaa, 
measured from the surface, is greater or less than half a right angle. 
We have seen that for glass this angle is 35" 25' ; for sulphate of 
barytes it is only 32', and for diamond only 2SO. If glass plates be 
placed in essential oil of turpentine which has a refracting power 
almost exactly equal to that of glass, the angle of polarisation will be 
found to differ very little indeed from 45", The reflection at ihe 
second surface is supposed to take place on the ambient roediam 
which bounds the glass. In general, according to an ingenious re- 
mark of Dr Brewster, the angle of polarisation is characteriised by 
the reflected ray being perpendicular to the refracted. The angles 
calculated on this hypothesis agree singularly well with experiment, 
and also confirm the rule given above for the different magnitudes of 
these angles, as will easily appear from figures 16S, 169, and 170, in 
which the refracting power is supposed to be respectively greater 
than unity, equal to unity, and less than unity. 
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This law applies equally well to substances which, like the dia- 
mond and sulphur, never produce more than an incomplete polarisa- 
tion, for the quantity of light reflected is invariably a minimum for 
the angle so determined. ^ 

If the mode of observation which we have applied to smooth glass 
plates be universally employed, it may serve to show that polarisa- 
tion, when complete, is always a modification exactly of the same kind, 
for all substances ; for when a beam of light has been once polarised, 
it will equally pass through all substances, with the exception men- 
tioned above, provided each be presented to it under its proper an- 
gle, and whatever be the nature of the first or second substance em- 
ployed, the variation of intensity in the light, after the second reflec- 
tion, is always subject to the same laws. 

To represent these circumstances geometrically, let us consider a 
ray IF polarised by reflection on a glass plate LLy and through' any pjg^ |q 
one of the particles composing it, let there be drawn three rectan- 
gular axes czy exy c Iff the first coinciding with the ray, the second 
in the plane of reflection SICj the third perpendicular to both the 
others. Then when the ray IF meets a second glass L'L'y placed so 
as to produce no reflection, the reflecting forces which emanate per- 
pendicularly from the glass, must be perpendicular to the axis c x ; 
moreover they must act equally on particles lying towards c x, and 
c x'y for if the glass be turned a little from the position of no reflec- 
tion, the efiects are found to be symmetrical on each side of that posi- 
tion* The action, therefore, of these reflecting forces, under this inci- 
dence, cannot make the axis x ex' turn either to the right or left, any 
more than the force of gravity can turn a horizontal lever with equal 
arms. They cannot bring the axis into their own plane, in which we 
see it was in the first reflection, by which the polarisation took place 
on the glass LL. This proves that it is on that axis that the proper- 
ties of the luminous particles depend. We shall for this reason call 
it the axis of polarisation^ and suppose its direction similar and inva- 
riably determined for each particle. Further, for the sake of con- 
ciseness, we will call c % the axis of translation ; but we do not sup- 
pose this invariable in each particle, and we will consider it only 
as relative to its actual direction, in order to leave the particle at 
liberty to turn about its axis of polarisation. According to these 
definitions all the results that we have hitherto obtained may be 
expressed very simply and clearly in the following manner. 

When a ray of light is reflected by a poUsJied surface^ under the 
angle which produces complete polarisation^ the axis of polarisation of 
every refected particle is situated in the plane of refection^ and per- 
pendicular to the actual axis of translation of that particle. 
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If the incident particles are turned so that this condition cannot 
possibly be fulfilled, they will not be reflected, at least under the 
angle of complete polarisation. That happens when the axis of po- 
larisation of an incident particle is perpendicular to the plane of 
incidence, the angle of incidence being properly determined d priori. 

Generally speaking, when a polished surface receives a polarised 
ray under the angle at which it would itself produce complete po- 
larisation, if it be made to turn round the ray without changing that 
angle, the quantity of light, reflected in difierent positions, varies as 
the square of the cosine of the angle between the plane of incidence, 
and the axis of polarisation. 

When a ray of light has undergone polarisation in a certain direc- 
tion, by the process above described, it carries that property with it, 
and preserves it without sensible alteration, when made to pass per- 
pendicularly through even considerable thicknesses of air, water, and, 
in general, any substance that exerts only single refraction ; but 
doubly refracting media alter, in general, the polarisation of a ray, 
and in a manner, to all appearance, sudden, communicating to it a 
new polarisation of the same nature in a difierent direction^ It is 
only when crystals are held in ceitain directions, that the ray caB 
escape this disturbing influence. Let us endeavour to compare more 
closely these two kinds of action. 

That of crystals of one axis has been studied by Malus, who has 
comprised its effects in the following law. When a pencil of light 
naturally emanating from a luminous body, passes through a crystal 
of one axis, and is divided into two pencils having different direc- 
tions, each of these pencils is polarised in one single direction ; the 
ordinary one in the plane passing through its direction and a line 
parallel to the axis of the crystal, the extraordinary one perpendicu- 
larly to a plane similarly situated with respect to its direction. Each 
of these rays, when received on a plate of glass after its emergence, 
shows all the characters of polarisation that we have described. 

This law obtains equally, when the ray has been polarised by 
reflection before its passage through the crystal. The two refracted 
pencils are always polarised, as if they had been composed of direct 
rays, but their relative intensities differ according to the direction of 
the primitive polarisation given to them ; this direction must there- 
fore have predisposed the particles to undergo from preference one 
or the other of the refractions. 

These two laws were discovered by Malus. The analogy already 
remarked, between crystals of one axis and those of two, indicates suf- 
ficiently how it is to be extended to the latter ; to find the direction 



of polarisation for the ordinary pencil^ draw a plane through its 
directiopi and through each of. the axes of the crystal. If either of 
these axes existed alone, the ordinary pencil would be polarised in 
the plane belonging to it. Now it is actually found polarised in a 
plape intermediate between these two, and the extraordinary pencil 
perpendicularly to the analogous plane drawn through its direction 
t>etween the two planes containing the axes. If the angle between 
these be equal to nothing, the crystal has but one axis, and the direc- 
tion of polarisation is conformable to M^los^s indications. This law 
has been directly verified on the two pencils refracted by topaz ; 
as for other crystals in which it has been possible to verify it dfrectly, 
we may, by the consideration of some other phenomena that will 
shortly be mentioned, infer that it applies to them also. 

These laws of polarisation are applicable in all cases where the 
two pencils traDsmit|ed bji a crystal are observed separately, but 
when they are received simultaneously, and in nearly the same direc- 
tion, that of their apparent polarisation is found to be modified, and 
at the same time their coincidence produces certain colours, which 
M. Arago first observed, aad of which M. Biot determined the ex. 
perimental laws. The most simple arrangement for exhibiting these 
jcolours^ is to place a thin lamina of some crystallized substance, in 
the direction of a white ray, previously polarised by reflection, and 
to analyze the transmitted light by means of a doubly-refracting prism* 
The light is thus separated into two portions, the colours of which are 
.complementary to each other, and identical with those of the rings 
Jbetween two passes. One of these portions appears to have pre- 
served its primitive polarisation, whilst the other exhibits a new 
polarisation, of which the direction depends on that given to the 
axes of the crystal by turning the lamina round in its own plane. 

Following gradually in this manner the direction of the polarisar 
tion given to a particle of light, transmitted through different thick- 
nesses of a crystalline medium, it will be found to undergo periodical 
alternations, which, if light be an emission, indicate an oscillatory 
motion of the axes of the particles accompanying their progressive 
motion. M. Biot has designated this fact by the name of moveable 
pokaisatipn^ which is merely the expression of the observed results. 

If the system of undulations be adopted, the colours of the two 
images may be attributed to the interference of the two pencils into 
which the incident polarised light separates, in passing through the 
lamina. This is what Dr Young does, and it is remarkable that cal- 
ci^lations founded on this principle, gave him the nature of the tints, 
and the periods after which they recur, precisely as M. Biot had de- 
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termined Ihcm by cKperimcnt. As to the allcrnatioDS of polarisa- 
tion, they becomo, in the undulatory Bystem, a compound result pro- 
duced by the mutual inJlueuce of the interfering rays, and it is easy 
to [leduce from observatinn the conditions to which the mixture of 
the waves must be subjected to produce the new direction of appar- 
ent polarisation. M. F'rcsnel has done this, and the indications of 
his formulii have been found cunformablQ in all respects to the lans 
deduced by M, Bio; from observation. 

These interferences of the rays may be produced without llie 
Bssistancc of crj-stalline laminje ; we may equally well employ thict 
plates, provided the rays pass through them at very small inclina- 
tions to their crysIaJh'ne axes. If the eiperiroent be made with a 
conical pencil of light, large enough to give the various rays com- 
posing it inclinations sensibly different to the ases, so that they shall 
experience double refractions sensibly unequal,* these rays, analyied 
af\er they emerge, offer different colours united in the same system 
of polarisation ; and the union of these colours forms round the aie; 
coloured zones, the contiguralion of which indicates the system of 
polarising action exerted by the substance under consideratian. 
This kind of experiment is therefore very proper for exhibiting the 
axes, and indicating the mode of polarisation which any given sub- 
stance impresses on tho rays. 

Upon the wiio!:^, the interferences of polarised rays olTer very re- 
markable properties, many of which have been discovered and aoa- 
lyzed by MM. Arago and Frcsnel with great ingenuity and coniid- 
erable success, but as the limits of this work do not allow of a full ex- 
position of them, we shall only cite one, which is, that rays polarised 
at right angles do not affect each other when they are made to inter- 
fere, whereas they preserve that power when they are' polarised in 
the same direction. It is not only crystalline bodies that modify 
polarisation impressed on the rays of light; MM. Mains aod Bid 
found by different experiments, made about the same time, that if a 
ray be refracted successively by several glass plates placed parallel 
to each other, it will at length be polarised in one single direction 
perpendicular to the plane of refraction. Mains by a very ingeoious 
analysis of this phenomenon, has moreover shown that it w pn^^s- 
sive, the first glass polarising a small portion of the incident light, 
the second a part of that which had escaped the action of the first, 
and so on. M. Arago, measuring the successive intensities by > 
method of his own invention, has shown that they are exactly equsl 
to the quantity of light polarised in contrary directions at each r«- 
iectioD. A phenomena analogous to this is produced natural in 
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|>f isms of tourmaline^ which appear to be composed of a multitude 
of smaller prisms, united toeether, but without any immediate con- 
tact. All light passing through one of these prisms perpendicularly, 
is found to be polarbed in a direction perpendicular to the edges, so 
that if two such prbms be placed at right angles, on looking through 
them a dark spot is seen where they cross. This property of the 
tourmaline affords a very convenient method for impressing on a 
pencil of rays a polarisation in any required direction, and for dis- 
covering such polarisation when it exists. 

Moreover, M. Blot has discoverd that certain solid bodies, and 
even certain fluids, possess the faculty of changing progressively 
polarisation previously impressed on rays passing through them ; and 
by an analysis of the phenomena produced by these substances, he 
has shown that the same faculty resides in their smallest particles, so 
that they preserve it in all states solid, liquid, and aeriform, and even 
in all combinations into which they may happen to enter. M. Fres- 
nel has found certain analogies between these phenomena and those 
of double refraction, which seem to connect the two together most 
intimately through the intermediation of total reflection. 

Since reflection and refraction, even of the ordinary kind, modify 
the polarisation of light, we may expect to find this effect produced 
when rays of light are made to pass through media of regularly vary- 
ing density. It is accordingly found that all transparent bodies which 
are sufficiently elastic to admit of different positions of their particles 
round a given state of equilibrium, as glass, crystals, animal jellies, 
horn, &c., produce the phenomena of polarisation, when they are com- 
pressed or expanded, or made unequally dense by being considerably 
heated and then cooled suddenly and unequally. These phenomena^ 
discovered originally by Dr Seebeck, have been since studied and 
considerably extended by Dr Brewster, who has moreover remarked, 
that successive reflections of light from metallic plates produced phe- 
nomena of colour in which both M. Biot and he recognised all the 
characters of alternate polarisation. 

Knowing, by what precedes, the experimental laws, according 
to which light is decomposed in crystals endued with double refrac- 
tion, we may consider these effects as proper means for determining 
the mode of intimate aggregation of the particles of such bodies, and 
for affording some insight into the nature of their crystalline structure. 
Light becomes thus, as it were, a delicate instrument with which 
we examine the interior of substances, and which, insinuating itself 
between their minutest parts, permits us to study their arrangement, 
at which mineralogists previously guessed only by inspection of their 
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^K ejciernd forma. M. Biot has ahuwn tbe use of this method, applying 

^B it tt) a Dumerous class of miDeraU designated by the general name of 

H mica, and he ihiiiks he has decisive reasons for believing that several 

H substances of natures extremely different as to their composiiioD 

H and structure have been improperly comprised under that name. 

H Ho has also made use of the phenomena of alternate polarisation, to 

^ construct an instrument which ho calls a coUtrigradc, which, prodtic- 

ing in all cases the same series of colours, in exactly the same order, 

merely hj the nature of its construction, affords a mode of desiguy- 

lioD just as convenient for comparison as that furnished by the ther- 

Iniumeter for temperatures. 
Many other esperimenis have been made, and are daily making, 
nnd many other properties have beeu discovered in polarised light ; 
but we have been obliged to confine ourselves to the results, which 
are, perhaps not the most important part of the subject, although 
the easiest to explain ; our aim in this rapid sketch being rather to 
stimulate than lo satisfy the desire of knowledge on this branch of 
science which presents so vast a Geld for research both in theory uad 
experiment, and which, though so lately discovered, has alreadj 
furnished 9ome useful applications to physics and mineralogy. f 



Tht Rtlaticmt oflaghl and Htal or Caloric. 

In the body of tfaia treatise we have considered only those proper- 
ties of light which are made known to us by vision. In this single 
point of view, we have been made acquainted with a variety of phy- 
sical diaracteristics belon^ng to this element. We shall now, for a 
momeat consider the power which light has of heating bodies ex- 
posed to its action ; and shall endeavour to ascertain whether this 
phenomenon proceeds from the identity of light and heat, or from 
the coexistence of both principles in the luminous rays. 

We shall first state an important fact discovered by the great as- 
troaomer Sir William Herschel. Having proposed to measure the 
calorific energy of the diRerent rays of the solar spectrum, he placed 
a very sensible thermometer in each of the seven divisions of colour 
marked by Newton ; fae then observed to what degree these ther- 
mometers rose in each of them above the point at which they stood 
IB tbe sutrounding au*. He thus found that this degree was highsr 
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in the blue than in the violet, higher in the green than in the blue, 
and so on to the red, which produced a temperature higher than any 
of the others. But the most important fact was, that the maximum 
of temperature seemed to be a little beyond the extreme red, and 
iK^holly without the visible part of the spectrum. Hence Sir William 
Herschel ififerred that the calorific property is not inherent in those 
rays alone, which produce in us the sensation of light, and that there 
exist among them other rays less refrangible than these^ which pos* 
sess only the property of heating. 

These delicate experiments were repeated by other philosophers 
with various success. Some, like Sir William Herschel, discovered 
traces of sensible heat beyond the visible part of the spectrum ; and 
others either perceived no indications of heat at all, or only such as 
were too feeble to be appreciated. Dr Wollaston and MM.Ritter 
and Beckman, undertook to examine particularly the opposite ex- 
tremity of the spectrum, which produces the sensation of extreme 
violet ; and they found that this part of the spectrum, whose calorific 
property was insensible, possessed other peculiar properties, which 
might be termed chemical, since they cause by their influence combi- 
nations which are not produced by the red (extremity of the spec- 
trum ; and that, as in the latter, the maximum of heat takes place a 
little beyond the extreme red, so in the former the maximum of 
chemical action takes place just beyond the sensible limits of ex- 
treme violet. Hence they were led to the conclusion that the solar 
light was a mixture of three sorts of rays, which might be termed 
colorific, calorific, and chemical, according to the particular effects 
which they produced. 

We shall soon inquire how far this conclusion is rigorous or 
even probable ; but it should first be remarked, that the facts 
of which we have been speaking, have recently been verified with 
great care and put beyond a doubt by M. Berard. In order to ren- 
der the experiments more certain and the eflects more sensible, this 
philosopher perceived the necessity of prolonging their duration ; 
he therefore made use of a solar beam reflected by a helios- 
tat ; and having refracted it through a prism, he thus obtained a 
spectrum very much dispersed and fixed exactly in one place. In 
order to determine the calorific properties, he placed very sensible 
thermometers in the seven spaces occupied by the diflerent colours ; 
and in order to determine the chemical properties, he placed in these 
same spaces, either openly exposed, or in transparent phials, various 
chemical combinations easily acted upon. 
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Proceei^LRg in lliis mnaner M. Berard obtained the same results a) 
Sir W.Heracliel, with respect to the augmeotation of the calorific power 
from the violet to the red, but he found the niaxitDiim of heat at the 
extremity of the speclrum, and not without it. He fixed it at the 
point where the ball of the ihennotnolcr was just covered by the 
extreme red rays; he perceived the temperature decrease progres- 
sively as the ball of the thermometer reached the shade ; and fioally 
placing the thermometer entirely without the visible spectrum, where 
Sir W. Horschel fixed the maximum of heat, the elevation of the 
temperature above the surrounding air was only a fifth part of what 
it was in the extreme red rays. The absolute intensity of the heai 
produced was also less in the experiments of M. Derard, than Id 
those of Sir W. Herschel. It is impossible to determine whether these 
difl~erences depended upon the substance of the prisms and the divet- 
siiy in the apparatus, or upon some other physical circumstance b&- 
■ longini; to the phenomenon itself. 

M. Berard was desirous of ascertaining whether these properties 
would manifest themselves separately in each of the portions into 
which light is divided when it traverses a crystal endued with the 
property of double refraction. He therefore caused the solar beam to 
traverse a prism of Iceland spar. The division of the ray formed 
two spectrums, which exhibited the same properties ; in both, the 
calorific property existed in less intensity within the limits of the 
■peclrum, and was retained beyond the last sensible red rays. Thus, 
when the ray is divided by traversing the crystal, the calorific pewer 
is also divided between the two luminous portions. 

In this operation the luminous particles are polarised by the crys- 
tal. In order to ascertain whether the ehscure calorific particles ex- 
perienced the same eflect, M. Berard received the solar beam upon 
a piece of polished and transparent glass, forming with it an ongle of 
S5* 25', in order that the reflected portion might be completely 
polarised. The reflected portion was then received upon anothflr 
glass forming with It the same angle of 35'^ 25', and disposed in such 
a manner that it could turn conically under this constant incidence. 
This was precisely the apparatus of two glasses used by Malus, to 
which we have before had occasion to refer. It is evident that by 
turning the second glass, two positions would be found where no bgbt 
was reflected ; it only remained then to ascertain whether any heat 
was here reflected. For this purpose M. Berard placed a concave 
metallic mirror in such a manner as to collect the rays reflected by 
this glass and concentrate them upon tlie bulb of a thermometer 
placed at its focus. But in order to observe easily the different peri- 
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ods of the ptienomenoD, he connected the thermometer closely with 
the mirror, and the mirror with the glass; so that when the glass 
turned, the two other pieces turned with it, preserving always the 
same position with respect to it. Things being thus disposed, M. 
Berard brought tho second glass successively into all possible azi- 
muths about the ray, and he found that in the positions where no 
light was reflected, no beat was any longer reflected ; for the ther- 
mometer placed at the focus of the mirror, did not rise when in 
these positions, although it rose by a very sensibly quantity, when 
the glass was placed in the azimuths where the reflection of light 
could take place upon its surface. Tn this experiment, therefore, as 
in the preceding one with Iceland spar, the obscure calorific princi- 
ple accompanies the luminous particles and conforms to their action. 
Although in the case in question, it must be admitted that the 
calorific principle is very little separated from the light itself, since 
it is free only for a very small space below the extreme red of the 
spectrum ; still, there is a variety of other circumstances, in which 
we find it in great abundance, almost entirely separated from light. 
This is the case whenever we observe bodies which give out strong 
heat, without any sensible appearance of light ; such, for example, as 
a ball of iron heated below the point where it becomes red, and 
still more vessels of tin or glass filled with boiling water. The sen- 
sation of heat which these bodies produce at a distance on our organs, 
and the efiiects they produce upon the thermometer cannot be ascrib- 
ed in general to a transmission by contact, through the medium of 
the particles of air or vapour which intervene between us and them ; 
for the calorific impression produced by them, is felt as well in a 
horizontal or downward direction as in any other, which is altogether 
contrary to the direction in which the particles of air, or vapour, or 
any other fluid whatever, mote when their temperature is raised ; 
the dilatation which they, experience causes them to ascend, as has 
been abundantly proved both from reason and experiment. We 
must, therefore, conclude that in these and all analogous cases, there 
is an immediate transmission of obscure caloric, though we cannot 
absolutely determine whether the caloric is a material principle, 
radiating like light, or whether it consists only of vibrations propa- 
gated through an imponderable medium ; two modes, which, if the 
medium be very elastic, exhibit nearly the same eflects. Now, by 
substituting dark heated bodies in the place of the spectrum before 
used, M. Berard found that the eflects produced upon the thermom- 
eter^ still took place according to similar laws. 
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l( one of the dark heated bodies of which we have been speaking, 
be placed before a concave luetallic mirrar, we lind that thero is a 
fecuG of heat produced by redoclioo ; and ihiii focus is formed at 
precisely ihe same point with ihat of luminous rays proceediog from 
the same body. The calorific emanation, therefore, is reftected 
specularly like light, making the angle of reflection equal to the angle 
ef incidence; and as the specular reflection of tight is nothing or 
nearly nothing, from rough bodies, when it does not fall very ob- 
liquely upon their surface ; so ihore are certain surfaces which 
reflect obscure caloric with different degrees of intensity. It is 
■trongly reflected, for example, from the surface of polished metals, 
but much less from the surface of glass, however perfectly polished. 
It was for this reason that M. Berard made use of a metallic mirror 
ID tho experiment above mentioned. 

We have considered only the colorific and caJoril^c properties of 
light. We shall now speak of its chemical effects. This point also 
lias been accurately investigated by M. Berard. Chembts had long 
observed that when the muriale of silver and other white salts are 
exposed to the influence of light, ihey soon become black. Gum 
guaiacum, exposed thus to light, passes from yellow to green, as hai 
been observed by Dr Wollaston. MM. Gay-Lussac and Thenard 
have made known an actioit of tliis kind still more immediate and 
energetic ; for, upon exposing; to a solar beam a mixture of hydrogea 
gas and chlorine in equal volumes, a detonation immediately took 
place, the product of which was hydrochloric acid, heretofore calW 
muriatic acid. M. Berard made use of these different substances u rep 
agents, in examining and ascertaining the chemical properties of the 
different rayi of the spectrum. For having placed in the spaces ocr 
cupied by Ihe different colours, small pieces of paper impragoUej 
with muriate of silver, or small vessels filled with a mixture of tlif 
two gases, he was enabled to judge of the energy of the actioa of 
the different rays by the intensity and rapidity with which chemkd 
changes took place in the substances thus exposed. He ascertaioed 
in this manner, that the chemical action was really most iDteute 
towards the violet extremity of the spectrum, and that they exteade4 
as had been maintained by M. Rilter and Dr WoUaston, a little be- 
yond this extremity. Moreover, when these substances were expo^ 
ed for a certain time to the action of each ray, which could be eauly 
done on account of the immobility of the spectrum, he succeeded 
in observing sensible effects, though continually decreasing jn intea- 
sity, in the indigo and blue rays ; whence he considered it probaU* 
that if reagents still more sensible were employed, analogous effects 



Notts. 329 

might be observed, though more feeble, in the dther rays. In order 
to render evident the great disproportion which exists, in this res- 
pect, between the energies of the different rays, M. Berard concen- 
trated, by means of a lens, all that part of the spectrum which is com* 
prised between the gpreen and extreme violet, and he concentrated in 
a similar manner, by another lens, all that portion which extends from 
the green to the other extremity. This last portion was collected 
into one point sensibly white, Aid so dazzling that the eye could 
hardly endure it. Nevertheless the muriate of silver remained ex- 
posed for more than two hours to this vivid light, without experi- 
encing any sensible alteration. On the contrary, when exposed to 
the other portion which was much less white and dazzling, in less 
than ten minutes the muriate was found to become black. M. Be- 
rard concluded from this experiment that the chemical effects pro- 
duced by light are not owing solely to the heat which it developes 
in bodies, by combining with their substance ; since, on this sup'^o- 
sition, the power of producing chemical combinations might be 
expected to be most intense in the rays, which possessed, in the 
highest degree, the power of producing heat. But perhaps we shall 
find less opposition between these two considerations, if we bear in 
Qiind, that, according to the experiments of De Laroche, there may 
be essential differences between the obscure caloric employed by 
chepaists, to alter certain combinations, particularly the vegetable 
celouri*, and the caloric of the spectrum in the part which does not 
produce these effects. For example, the difficulty would not exist, 
if the obscure caloric, obtained by artificial heat, were wholly or 
partly analogous to the equally obscure emanations which take 
place at the violet extremity of the spectrum, and there does not 
seem to be any impossibility in such a supposition. 

These experiments of M. Berard leave no doubt that the different 
portions of a solar ray, dispersed by the prism, have very different 
properties as to the power which they possess of producing vision, 
heat, 9bd chemical combination. Are we then to attribute these three 
powers to three distinct kinds of rays, existing independently of each 
other, and capable each of producing only one single effect. If this be 
the case, it will also be necessary that each of these species should be 
capable of being separated by the prism into an infinity of different 
modi6cations, like light itself, since we find by experiment that each 
of the three properties, chemical, illuminating, and calorific, is distri- 
buted, though in very unequal proportions, over a certain extent of 
the spectrum. Thus, according to this hypothesis, we must con- 
ceive three spectrums, one calorific, one chemical, and one luminous, 
superposed upon each other. It must likewise be admitted that 
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each of the substances which compose the spectnims, and even eacb 
of the particles of unequal refrangibilitjr which compose these sub- 
stances, is endued, like the particles of visible light, with the pro- 
perty of being polarised by reflection, and of escaping the infln- 
ence of the reflecting force, as is observed with respect to the 
luminous particles, and in the same- cases. A like analogy must exist 
also in the other properties. But instead of this complicated system, 
we suppose, conformably to the phenomena, that the solar light if 
composed of an assemblage of rays unequally refrangible, and conse- 
quently capable of being diflerently modified by the action of bodies, 
which supposition requires that there should be original differences, 
either in their masses, their velocities, or their affinities. Why 
should these rays which differ in so many respects, all produce upon 
thermometers and upon our organs, the same effects as to heat and 
light ? Why should they have the same power in forming and sepa- 
rating chemical combinations ? Is it not very natural to suppose that 
vision may take place in our eyes only between certain limits of 
refrangibility, and that too great or too small a refrangibility may 
render the rays equally unfit to produce this effect. It is possible 
that these rays are capable of exciting a vision in other eyes; per- 
haps they are capable of exciting it in certain animals ; on this sup- 
position all that is mnrvellous in the above phenomena disappear?, 
or rather it becomes a part of the general action of light. In a 
word, we mny suppose the calorific and chemical properties to vary 
throughout the whole extent of the spectrum with the refrangibility, 
but according to different functions, in such a manner that the calo- 
rific property shall be at its minimum at the violet extremity of the 
spectrum, and at its maximum at the red extremity ; while, on the 
contrary the chemical faculty, expressed by another function, shall 
have its mininuim at the red extremity, and its maximum at the vio- 
let extremity or a little beyond it. This single supposition, which 
is the simplest representation of the phenomena, perfectly satisfies 
all the facts stated above, and even enables us to predict a great 
.number of them from analogy alone. Indeed, if all the rays 
which produce vision, heat, and chemical combinations, are equally 
rays of light, they must all necessarily be reflected from polisheJ 
bodies, and reflected according to the same law, making the angle 
of reflection equal to the angle of incidence ; whence it follows that 
they will be, in like manner, concentrated or dispersed by concave 
or convex mirrors. They must, moreover, be all polarised in tra- 
versing a crystal endued with the property of double refraction, or 
in being reflected from glass, ice, &,c., under a determinate inci- 
dence ; and when they have received these modifications, they rauft 
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be reflected from another surface of the same kind, if it be placed 
in such a manner as to render its reflecting force efficacious upon the 
luminous particles. On the contrary, if this force produces no efiect 
upon the visible luminous particles, invisible light will no longer be 
reflected ; for the cause which determines or prevents reflection, 
appears to act equally upon all the particles, whatever be their 
refrangibility ; and must therefore operate upon invisible light, 
since the condition of visibility or invisibility has reference only to 
the constitution of our eyes, and not to the nature of the particles 
themselves which produce the sensation in us. Finally, since, accord- 
ing to the observations of De Laroche, obscure caloric, emanating 
from bodies gjradually heated, approximates gradually to the condi- 
tions and properties belonging to luminous caloric, we might suppose 
that when the emanation begins to become visible, it would be imme- 
diately analogous to the least calorific part of the spectrum, which is 
the extremity of the violet. Accordingly we observe that flame of 
whatever kind, in its incipient state, is violet or blue, and only attains 
to whiteness when it has reached a high degree of intensity. Still 
this view of the subject from the very circumstance that it supposes 
a progressive state, is not inconsistent with the idea of particular pro- 
perties, belonging exclusively to a particular stage of the progres- 
sion. Thus the calorific emanations of difierent temperatiyes, and 
the luminous emanations of difierent colours, may differ from each 
other in the property of producing vision, heat, and chemical action, 
in the power of being transmitted through transparent substances, 
and perhaps in many other particulars which we have not yet dis- 
covered. 



IV. 

Measure of the Intensities of Light. 

It often happens in optical researches, that we have occasion to 
compare the intensities of two lights presented at the same time or 
successively. In the first case, which is the most simple, we illumi- 
nate separately with these two lights, equal discs of very white pa- 
per, or some other unpolished body which is a good reflector ; then, 
viewing at the same time the two discs, we remove the most intense 
of the two lights, until they appear equally bright. Hence the in- 
tensities will be as the squares of the distances of the lights from 
the discs. This partial illumination may be obtained by illuminating 
a white space with these two lights, and interposing before them a 
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bmall opAqae Sttc; the thtdet of wUch will indtcate tbk ^fOaHi sept 
mtely ilhnzdipteJdL It b aoffideBt, tfaen^ to xeaiM thete sha^ 
equallj deep, by Tarying the distance 'ik die Inmlnoaa body fim 
the acrcfen. We kday dao ednait the two UgUa dbpAntely throifii 
rii. laa. two eoblcal tubes united sit their Tortlces, and tertnlnited* At Ihli 
place by two eqaal discs, of white paper. Then vlewli^ both diaa 
at obce, havli^ the head corered for the parpdse of exefiidlng iH 
foreign light, we girls notice to an asalstabt which of th6 two Imal- 
nous objects mnst be remoTed 6r birov^ht nearer^ antU the two diid 
appear equally bright When we have arrlTod at thla reaolt^ flu 
Intensities of th^ two Ughttf are pro^oridofaal to the s4aarea of Ihi 
distances from their respectl?e discs. 

Bttt If we wish to compare two llghti which aire not tIsIBIo at Hk 
same time, we have only to select a thlrd« whose brightness Is of 
such a nature as to sustain Itsetf wlthont Variation, and compare it 
successively with each of the other two. By employlitg these pqi^ 
cesseiB and taiious others of a similar Und^ Bougoer obtaliied i 
Variety of i^drlous i^esults ftods which the follbWing are selected. 

Table of At quantities of light iteJUcted hg Hu itktfau ofwm 

Uiidtr different ohliqaitiee. 



1000 expresses the number of incident rays. 


Obliquities reck- 
oned from the 
surface. 


Number of 
reflected rays. 


Ob. 


No. 


;0b. 


No. 


Ob. 


Na 


0^30' 
1 00 

1 30 

2 00 
2 30 


721 
692 
669 
639 
614 


50 

7 30 
10 

12 30 
15 


501 
409 
333 
271 
211 


17© 30' 

20 

^5 

30 

40 


173 

145 

97 

65 

34 


50« 

60 

70 

80 

90 


22 
19 
18 
18 
18 



Table of the quantities of light reflected by the first surface ofpolishtd 

glass* 



Obliquities of inci- 
dence reckoned 
from the surface. 


Number o( 
rays re- 
flected. 


Obliq. 


No. 


Obliq. 


No. 
34 


2<>30' 


584 


15« 


299 


eo« 


5 


543 


20 


222 


60 


27 


7 30 


474 


25 


157 


70 


25 


10 


412 


30 


112 


80 


25 


12 30 


356 


40 


57 


90 


25 
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T^ablt of ike quantities of light reflected by black marble polished. 



Angle of the iucident 
rays. 


Namber ofrays 
reflected. 


3«a6' 


600- 


15 


156 


30 


51 


80 


23 



The first reflection under the angle of 3^ 35' is nearly as intense 
from marble as from mercury. The same may be said with respect 
to all plane bodies of whatever substance. They all become very 
good reflectors, when the incident rays make very small angles with 
the surface. But the reflecting force diminishes very rapidly as the 
direction of incidence approaches to a perpendicular. In this they 
dlfler from bodies whose reflecting force is powerful ; for in these, 
the intensity of the reflected light undergoes only slight variations, 
under difl*erent incidences. In the case of mercury and telescope metal, 
for example, the whole extent of this variation scarcely amounts to 
I or j^ from to 90^. According to the experiments of Bouguer, 
for an incidence of 21^ reckoned from the surface, mercury reflects 
about 637 rays out of 1000. Consequently, reflection under all other 
angles may vary from about 700 to about 600. This metal, which 
is perhaps, the best of all reflecting substances, absorbs then n|ore 
than one quarter of the light which falls upon it ; and this absorp- 
tion is much greater in bodies which reflect more imperfectly. 



V. 



Description of the Kaleidoscope. 

^ This instrument, in its simplest form, consists of two reflecting Pig. 18^ 
planes, made of glass or metal, from 5 to 10 or 12 inches long, and 
about an inch broad. These reflectors being put together with two 
of their edges in contact, and their reflecting faces inclined, for 
instance, at An angle of 60^, or the sixth part of a circle, when they 
are put iti a tube^ and the eye is placed at U, as near the angular 
point as possible, it will observe the opening AOB multiplied six 
times, and arranged round the centre O. 

^ If any o1>ject, however shsq^tsss, is placed before the opening 
AOB^ and near the isnds of the reflectors^ the eye at E will observe 



SS4 AWer. 

Id the two adjoiniiig secton an Inrerted ioMge of tUi irregidar 
oliject, apparency lacing the diredt image In 40By aodilie.dhact 
and inverted image will form an object perfisctly aymmetiical ; md 
these symmetrical im^ee being mnltipUed by tii^cMive reflectkas, 
the whole drcnlar qpace, composed of six sectors, will preseatto 
the eye a most perfeet plctore. 

^If the object placed in AO^ consist of [^eces of coloured glpHy 
lying in a cell boonded by discs of glasSy the pictures increaie is 
beauty, and as the glass fragments change their position by the ■»- 
tion of the cell, a soccession of the most perfect pictures will be 
displayedi which are literally infinite both in number and varietj. 

< The objects which give the finest ontlines by luTendon an 
those which have a cnrvilineal form, snch as circles, ellipses, looped 
Gorres like the letter 5, spirals, and other fpnns. Glass* both ipm 
and twisted, and of all colours and shades of colours, should be tbat 
ed into the preceding shapes, and when these are mixed with plsotf 
of flat coloured glass, blue vitriol, native sulphur, yellow orphaesl} 
diflerently-coloored fluids moving in small enclosed vessels of glM) 
&c, they will make the finest transparent objects for the Icaleye* 
scope. A very fine effect is produced when only two colouis are 
used, viz. those that harmonize with each other, such as red and 
green*, blue, and gold yellow. Pieces of glass of these two colours 
may be mixed with twisted pieces of colourless glass with great 
effect. 

' In the simple kaleidoscope the two reflectors may be fixed at a 
constant angle, so as to be an aliquot part of a circle, or 360^, or 
they may be made to vary their inclination by various simple con- 
trivances. 

' If the eye is raised above E^ or if the objects are placed at any 
distance from the ends of the reflectors, the symmetry of the picture 
and the uniformity of the light vanish, so that it is essentially neces- 
sary to the production of forms perfectly beautiful and symmetrical 
that the eye be placed as near as possible to the angular point, and 
the objects as near as possible to the ends of the reflectors. 

* The utility of the kaleidoscope may be greatly extended by the 
addition of a lens. *' In considering how this change might be effect- 
Fig. 183. ed, it occured to me," says Dr Brewster, "that i£ MJST were a dis- 
tant object, either opaque or transparent, it might be introduced 
into the picture by placing a lens LL^ at such a distance before the 
aperture »^0B^ that its image may be distinctly formed upon the 
plane passing through AOB, By submitting this idea to experiment, 
I found it to answer my most sangine expectations. The image 
formed by the lens at AOB became a new object, as it were, and 
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was multiplied and arranged by successive reflections, in the very 
same manner as if the object MJV had been reduced in the ratio of 
ML to LAj and placed close to the aperture. 

' '* In the compound kaleidoscope, thus constructed, the furniture 
of a room, books, and papers lying on a table, pictures on the wall, 
a blazing fire, the moving branches and foliage of trees and shrubs, 
bunches of flowers, horses and cattle in a park, carriages in motion, 
the currents of a river, moving insects, and in short every object in 
nature may be introduced by the aid of the lens into the figures 
created by the instrument When the flames of a blazing fire con- 
stitute the object, the kaleidoscope creates from it the most magical 
fire-works, in which the currents of a flame which compose the 
picture may be turned into every possible direction, 

' " The theory of this instrument ; the various forms of annular, 
parallel, and polycentric kaleidoscopes ; its application to the magic 
lanthorn and the solar microscope ; and the mode of employing it in 
the fine and useful arts, have been explained at great length in my 
Treatise on the Kaleidoscope,^^ ' — Brewster^s Edition of FergusorCt 
Mechanics, 



VI. 



JVcio Optical Experiments^ and the Improvement of Glass. 

' M, Frauenhoper has been long known on the continent of Europe 
as a very distinguished practical optician. He has succeeded be- 
yond any other artist in producing flint glass for optical purposes, of 
the most complete transparency and freedom from flaws and defects. 
This superiority in his glass has enabled him to prosecute some 
very important researches. His primary object was to determine 
with great exactness, for the formation of achromatic object-glasses, 
the dispersive powers of different species of glass. He first tried 
the effect of correcting the colour by opposing prisms, viewed 
through a telescope, which is in fact the same method as that 
originally proposed by Dr Brewster. But it became an object of 
attention to examine the dispersion of each coloured ray separately. 
To do this is a problem which has always been attended with the 
essential difficulty of not being able to &x. upon rays in the spectrum 
which are strictly homogeneous, and which can at all times be iden- 
tified with certainty. In order to get over this diiTiculty, M. Frauen- 
hofer tried, without success, different coloured media and flames ; 
to trials of tlus kind we shall soon have occasion to allude, as lead- 
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ing to some important 4i^oyeries. Oqr artist, however, next adopt- 
ed a plan which he considered as successful ; this was to place six 
lamps in a row behind a small aperture, * close before which was a 
prism* The separate spectf ums of each lamp were thus thrown, so 
that the prism pnder trial, which was placed at nearly seven huo- 
dred feet distance, received onlj the red rays, for example, from 
one lamp, and the bloe from another, &c., bj which means the col- 
ours appeared in the form of distinct spaces^ separated entirely from 
each other. We cannot help fueling soipe difficulty as to the appli- 
cation of this method, but perhaps the description itself is pot the 
clearest that might be given. We do not feel sure that ^he rays 
were strictly homogeneous ; however, they were capable of exact 
identification from this further contrivance ; a narrow aperture was 
made in the screen above the six lamps, through which the light of 
another lamp passed, and was received on the second prism; in 
viewing this, a bright line was seen at the limits of the red and 
yellow spaces ; this was exactly defined, and by means of its ioYari- 
able position, in comparison with the coloured spaces below, the 
observer could always be assured that the same identical ray fell 
on his prism. A number of measurements were thus made with 
great exactness, from which the great differences in the ratios of re- 
fraction for the same ray in different media, are clearly ascertained. 
' But the most important point was the appearance of the bright 
line above menlioued. This M. Frauenhofer next proceeded to 
study ; he found it exhibited alike by the light from all flames, &C., 
when received through a narrow aperture. He next tried the light 
of the sun ; this was received into a dark room through a narrow 
crevice, at the distance of twenty-four feet, by a prism of excellent 
flint glass ; in looking at the spectrum thus formed through a small 
telescope, he observed not only the bright line before spoken of, 
but an infinity of lines, some dark and some bright, crossing everj 
part of the spectrum at right angles to the direction of its elonga- 
tion, and not forming the boundaries of the different coloured spaces, 
but existing in the middle of them, and in fact, distributed in some 
places more plentifully than in others along the whole length, in 
some parts more conspicuous, and in others more faint. Of all these 
lines the observer has given an accurate delineation ; he counted 
upon the whole 574 of them. If the aperture be so wide as to sub- 
tend an angle of more than 15" to the eye, the lines disappear. 
Some of the fainter ones also are not seen, unless the eye be shaded 
from the glare of the brighter parts. With English flint glass, M. 
Frauenhofer could only see the brightest lines ; but with every sort 
of glass of his own manufacture, and with prisms formed of liquid^i 
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they were all distiDctlj seen. He then proceeded, by an extended 
series of measurements, with a repeating circle, to determine the 
angles of deviation which these lines formed when viewed through 
different media. These lines in fact supply the great desideratum 
in researches of this nature, and enabled him to determine the de« 
▼iations belonging to points in the spectrum strictly definite, with 
any degree of accuracy. 

^ From observing the great number of lines crossing the spectrum, 
w« might be led to suppose that the inflection of light at the edges 
of the aperture had some connexion with the phenomenon ; in order 
to examine this point, M. Frauenhofer varied the experiment in the 
following manner ; he received the rays through a small circular 
hole nearly 1 b*^ in diameter ; the spectrum thus formed had almost 
BO breadth, but in order to widen it, M. Frauenhofer made the rays 
pass through a semi-cylinder of glass. By this means the length and 
order of colours remained unaltered, but the breadth being magnifi- 
ed, he saw as before all the lines. By means of the same contri- 
T ance he detected similar lines in the light of the planet Venus, 
without employing any aperture ; the brightest lines only were 
visible, but they coincided in position with the corresponding ones 
in the solar spectrum. The light of some of the principal fixed 
stars was subjected to the same examination; in some of these lines 
were observed in positions difierent from ^those before observed. 
The electric light was tried in the same way ; the points of two 
conductors were connected by a fine fibre of glass, along which the 
succession of sparks was so rapid as to produce the appearance of a 
fine line of light. In the spectrum formed by this light, (without 
passing any aperture,) lines different from any of the former were 
observed. The light of several was similarly exatnined, and several 
curious results obtained. 

^ Such is a brief outline of the most important parts of M. Frauen- 
hofer^s experiments ; they indicate a very remarkable property of 
light, and present appearances which we believe have not yet been 
accounted for on any known principles. We must here take occa- 
sion to remind our readers, that the discovery of the fact itself, 
(though evidently unknown to M. Frauenhofer,) was made some 
years ago by Dr Wollaston. His experiments was, however^ some- 
what different ; and owing to the great superiority of his glass, M. 
Frauenhofer has the merit of having ascertained the almost infinite 
number of those lines, which in Dr Wollaston's experiments appear* 
•d only a ie^, 

^ M. Frauenhofer must also have the credit of being the first to 
apply these lines to the purpose of accurate determination of th^ 
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diBperaive power, allLou^h Dr. Wollaslon made a few observations 
of this kiod. It may be satisfactory to maoj to mention here, tbat 
iviti) an ordinary prism of English glass, the principal lines may be 
»ery well seen by looking througb the prism at a narrow aperlore 
in a shutter or acreen placed against a window so as to receire the 
light of the clouda ; this was Dr Wollaston's method; his experi- 
ments are given in the Philosophical TraDsactione, for 1802; he 
examined also tiie light from flame. If the blue part of a caaAlt 
flame be received through a narrow slit, the separation of the col- 
ours is very wide and complete. 

The mere inspection of (be prismatic colours is sufficient to shoff 
that (he different parts of the speclrnm, independently of their col- 
our, possess very different degrees of bi'ightuess or illumiaatiji; 
intensity. The late Sir W. I^erschel was, we believe, the drsl 
who attempted any accurate determination of these relative iutensi- 
ties ; be found the greatest illumiuntioo in the yellowish greca 
space, and a gradual decrease from tbence towards each extreinily- 
M. Frauenhofer tried similar esperiments by a different method, and 
his determinations were made with greater attention to enaclne!! 
than perhaps any former ; hut (here appear (o us (wo essential diffi- 
culties in his method. In (he first place, the intensity of each col- 
oured ray was to be equalised with the white or yellowish light 
reflected by a plane mirror from a lamp ; M. Frauenhofer consider 
it easy, with a little practice, for the eye to judge of this eqnalinr 
tioa with the requisite accuracy. This, we must confess, appean 
to ne very doubtful ; though the seniatioa of colour and of intenaity 
inay possibly depend on modifications of the same cause, yet the two 
sensations follow sucb very different laws, and that differeace Is 
dependent upon principles so wholly unknown to ua, that we C*> 
hardly conceive the possibility of abstracting so entirely from the 
idea of colour that of inteniity, as to enable the miud to decide in 
any thing like a certain and satisfactory manner upoa the equality of 
illuminating effect in lights of two different colours simultaneonslj 
presented to the eye. 

'Another and more serions difficulty appears to us to arise fron 
the following considerations ; supposing the illuminating ioteuiliei 
lo be really equal, it is well established, that if two rays of light, 
one of a colour approaching more to whiteneaa than the other, be 
presented ip justa-position lo the eye, the deeper colour of the 
one will be diluted by the proximity of the lighter colour of the 
other; that Is to say, though not actually combined or blended 
together, the sensation which the one produces in the eye tends to 
diminiih that which arises frojn the other. U this, at Is b^hl; pro- 
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bable, is owin^ to the different conyergency required for the two 
it will obviously take place in a greater degree, in proportion as 
the coloured ray differs in refrangibility from the white. 

^ Whatever weight may be attributed to the objections against 
this particular method, it is certain that the illuminating intensity 
sustains a regular decrease from the central yellowish green to the 
▼iolet on one side, and the red on the other. The series of num- 
bers given by M. Frauenhofer decrease in a more rapid ratio than 
those found by any other observers, and the tendency of the causes 
just considered as influencing his results, would be precbely that of 
producing this rapid diminution. But the decrease of illuminating 
power towards the red boundary, will become a point of considerable 
interest in the sequel. 

' M. Frauenhofer's observations on the illuminating powers of the 
prismatic rays, led him to several suggestions of practical import- 
ance in the construction of telescopes. He attends particularly to 
the distinction between diminishing the aberration of colour, and 
producing greater distinctness in the image ; as also to the aberra- 
tion from the want of achromatism in the human eye. When dif- 
ferent specimens of glass were examined by the accurate^ test of the 
•pectral lines, the difference in their dispersive powers was shown, 
when not otherwise capable of detection. M. Frauenhofer found 
differences of this kind in specimens taken not only from the same 
crucible, but from the opposite parts of the same piece of glass. 
By unwearied diligence and laborious trials, he has, however, at 
length succeeded in the manufacture of flint glass, to such a degree, 
that in a crncible containing four hundred pounds, two pieces, one 
taken from the bottom and the other from the top of the same mass, 
exhibited absolutely the same power. 

* This becomes the place for noticing the results obtained by a 
fellow-labourer in the same work. M. Guinand was the son of a 
joiner at Neufchatel ; as a youth he worked at that trade ; subse- 
quently made watch cases ; and thus acquiring some idea of casting 
metals, undertook, on examining a reflecting telescope, to make 
one ; in which he soon succeeded, without any knowledge of optics, 
and left entirely to his own resources for every part of the work. 
His next attempt was to make a pair of spectacles. He learned the 
art of grinding and polishing the lenses by having once witnessed 
the process. He hence proceeded to make lenses of telescopes, and 
constructed several small refracting ones. He now accidentally be- 
came acquainted with the principle of the achromatic object glass ; 
and all his energies and labours seemed concentrated upon the 
means of endeavouring to procure glass free from imperfections for 
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thlB porpoac. This is in fact one or (he most diflicuil problems nilh 
vMch the practical optician is concerned; and the patience, the 
Bagacily, the pcrsevereDce, which M. Guiannil displayed, in a Ion; 
Beriea of altempta under the most discouraging circumslnnces, [o 
oblain bis object, were truly surprising;. At every failure he seem- 
ed to be occupied solely in studying the cauae which had occnsioaeil 
it. And thus, atep by step, be contriscd to approach at leo^tb to- 
wards the wished for object, and produced glass more tree froa 
slriiB and imperfectious than any before made. Every disappoiat- 
ment (aught him aomc further imp rove me nt, and it wa» thus that be 
Required, what is perhaps (he distinguishing chamclcmtic of hit 
nietbod, (he mode of joining together into one large disk aeparale 
pieces of glass, selected as the most perfectly homt^eoeoua. The^e 
be contrived to soften and unite together ngain, after which the; 
were formed into the required lens, without any perceptible joining, 
«r im perfect ion ; in this way he has formed lenses of twelve or 
eighteen inches diameter. In 1805, bis fame bad reached M, 
Fraueohofer, who invited him to Batavia, to gir? bis important sei- 
vices to the establish nseot at fiencdictbanern, where glass for opti- 
cal purposes is largely Dianufactured under M. Frauenhofer's direc- 
tion. The glass made by M. Guinand has since become known over 
Europe ; specimens have been tried by the opticians and astrono- 
mers of fVance and England. The report of that eminent artist. 
Mr. Tulley, as to its great superiority over any made in England, 
is couched in tbc strongest terms ; and there can be little doubt that, 
owing to the very perfect transparency which it possesses, we maj 
expect a great increase in the power of refracting telescopes, hith- 
erto so much limited id (heir degree of improvement. M. Guiaaa^ 
returned to his native place, and continued the construction of teles- 
copes with uocommoa iogenui^ and success, himself not only btv- 
ing melted, formed, and polished the glasses, and calculated (he 
adjustments, but also constructed every part of the apparatus, and 
put it tt^ether. This remarkable example of untaught genius died 
1823, aged seventy-six. His secret ia confined to his son, who qd- 
dertakes to continue the manufacture bo important to the ecienti&C 
world, upon the same principles as the father. 

' We before mentioned that M. Frauenhofer's first attempts wert 
directed to obtaining homogeneous light by means of flames and 
coloured media ; in this he was unsuccessful. Dr Brewster, lioif> 
ever, and Mr Heracbel baye been more fortuitate. 

' Dr Brewster was in want of homogeneous light, to illuouBale 
objects under microscopic examination. Mr Herschel wished to 
obtain it for the prosecutloo of certain op ticat researches- OrBrev- 
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ster, After numerous trials, ascertained the remarkable fact, tbat 
almost all bodies in which the combustion is imperfect, such as pa- 
per, linen, &c., gave a light in which strictly homogeneous yellow 
rays predominated ; that the yellow light increased with the humidibj 
of these bodies ; and that a great proportion of the same light was 
generated when various flames were urged mechanically with a 
blow-pipe, or a pair of bellows. He thence concludes, that the yel- 
low rays are the produce of an imperfect combustion. However, 
the most important circumstance was that the presence o{ aqueous 
vapour increased the quantity of yellow light ; this was a new fact^ 
and supplied Dr Brewster with a lamp whose light was truly homo- 
geneous. Diluted alcohol is the pabulum he employs, and he has 
suggested a convenient form for a lamp for the purpose wanted. 

^Various media, such as coloured glasses, were also tried. Dr. 
Brewster investigated the effect of heat in changing the tints of these 
glasses ; in some, the power of absorbing particular colours is alter- 
ed transiently, in others permanently. He tried the effect of differ- 
ent media in absorbing the different rays of the spectrum, and has 
given dilineations of the spectrum, as seen through different coloured 
glasses. 

^ In Mr HerschePs experiments the object was nearly the same in 
the first instance, but he has pursued it in a somewhat different 
manner from Dr Brewster, and has arrived at some other results of 
considerable consequence. 

^He first examined, as also Dr Brewster did, the effects of certain 
coloured glasses in almost obliterating certain coloured spaces in the 
spectrum, whilst others were transmitted in all their brilliancy. 
This fact was noticed by Dr Young. Mr Herschel, in applying to 
the examination of it the uncommon powers of his analytical skill, 
has resolved the phenomena into their most general expression, 
and thus traced the causes of many interesting consequences which 
otherwise would not have been deduced. 

^ For example, one of the glasses he tried was of a ruby red col- 
our ; this permitted to pass almost the whole red, and a considerable 
portion of the orange ; and even in strong lights a portion of yellow 
or a trace of green, but the rest were obliterated. He represents 
the effect by conceiving a straight line divided- according to the pro- 
portions of the coloured spaces, to be taken as the abscissa, and at 
each point ordinates erected, representing the proportion of rays 
transmitted by any medium ; the extremities of these ordinates gpive 
a curve, which he calls ike type of this medium. The nature of this 
curve is determined by observation for each medium ; but Mr Her- 
schel has given an analytical expression, showing the law by which 
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the nature of the curve is aliered, according' lo an increase of tWCfci 
■aesi in Ibe iDedium ; tbis is in fact one ot the most curioua parU i>( 
the subject. 

' " It wonid appear at first sight," Mr Herschel observes, "that 
the effect of doubling or tripling the thickness of any coloured me- 
dium, would "iinpl^y be to increase the depth and intensity of the 
tint, btit nnt to alter its character. If a white object appenr blue 
tbroni;h a blue ^\aes, we should expect it to appenr still bloer 
through tivo, and yet more so through three such glaiBcs, The 
above formula shows, however, that (his is so far from being the 
case, thnt the tint of the emergent pencil is esseoltally dependent or 
the thickness of the medium ; and that it Is only from a knowled^ 
Bf the relative rnliies of the ratios of (he intensity after traversing!) 
thicknesa equal to unify, for (he various parts of (be spectrum, that 
we can say o priori, tvhether the tint of a thick glass wilt retain anj 
■imilarity to Ihat of a thin one of the same kind," 

'The fact is, the quimtily of any coloured r;iy, transmitted hv so 
bomogeneoas medium, decreases in geometrical progression, as the 
thickness increases in arit!ilnetie^tt. Thus, however trifling the 
difference may be at tirsl in the effect of two media, it is alv»i;! 
possible to render it sensible by taking a sufficiently great thick- 
ness ; thus the water of the lake of Geneva is indigo-blue, that of 
the lake nf Como, emen Id-green, when viewed through r consider- 
able thickness, though colourless in small qa»ititiei. Of this, no- 
merons other Instances will occur ; such as the difference in the 
colour of the sea according to its depth, so well known to pilots, u 
often enabling them to perceive their approach to shoals, £ic. 

' " In some instances the curve has two unequal maxima in different 
parts ot the spectrunj ; and if at the same time the greater of these 
should happen lo correspond to a ray of feebler illuminating power 
than the less, the tint, in small thicknesses of the medium, will, gen- 
erally speaking, be that of the lesser maximum ; the greater viriil- 
ne»s of these rays giving them a predominance over the othen, 
though more numerous ; but as this ineq'jality of number Increase! 
with (he increase of thickness, the feebler rays will lat length begia 
to influence the tint, and finally obtain the predominaDce ; thi» pro- 
dicing in several cases, a complete change of colour, not a little 
iurpri«ng to those who are ignorant of its cause. Dr Thomson's 
murialed liquor (chloride of sulphur,) which is yellowish green ia 
very small ihicknesoes, and bright red in considerable ones, is a 
case in point; a solution «f sap-green presents the same phenome- 
non yet more sirikingly. If enclosed between glass plates, slightly 
Incllaed, so ai form a thin we^, its colour towards the edga wiH 
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appear emerald green, and towards the back^ blood red, passing in 
the intermediate thicknesses through a kind of livid neutral tinf 

* The existence of any real homogeneous yellow in the solar spec- 
trum has been denied by Dr Wollaston. The researches both of Mr 
Herschel and of Dr Brewster tend to show, that though the insula- 
tion of these rays in perfect purity may not be practicable, yet they 
may be so far separated, as to place their existence beyond all 
doubt. Dr Brewster considers these rays as encroaching on the 
limits both of the red and green. Mr Herschel attributes to them 
a breadth not less than one-fourth of the interval between red and 
blue. Dr Brewster draws the conclusion, that both the orange aiu^ 
^reen are really composite colours. 

*'Of ihe numerous subsequent experiments of Mr Herschel, we 
shall not give any details ; they are all of a very interesting nature, 
and exhibit several very singular changes in the aspect of the spec- 
trum, by a mere addition of thickness in the coloured glasses ; the 
curves which represent them, are all delineated. 

^ From the solar light Mr Heischel afterwards turned his atten- 
tion to that from flames,. &c. ; these lights differ extremely in their 
types when examined by the prism, and that in an apparently most 
capricious manner. Among other results, he found that sulphur, at 
a stage of inflammation which is extremely violent, as when thrown 
into a white hot crucible, emits a perfectly homogeneous and bril- 
liant yellow light. In examining the light of a spirit lamp, it was 
found to become perfectly homogeneous when viewed through a 
glass consisting of a pale orange^ and a pale green one, cemented 
together. A lantern formed of such glass, would afford a monochro- 
matic lamp for microscopical purposes. 

^ Some beautiful appearances are detailed, as produced from the 
tinge given to flames by various substances held in solution with 
alcohol, &c. 

' ^ One of the first glasses which Mr Herschel tried, and one which 
gave the most important results, was of that blue kind with a pur- 
plish tint which is employed for finger-glasses, &c. When the spec 
.trum is viewed through a thickness of 0,04 inch of this glass, the 
red space was divided into two by a dark line ; other changes took 
place in the rest of the spectrum, which we need not here detail. 
With a double thickness of this glass further alterations were ob- 
served; among which was that the outer red alone remained visible, 
the inner being totally obliterated. When a great many thicknesses 
were laid together, the extreme red and violet only were transmit- 
ted. Mr Herschel directed his attention particularly to these outer 
red rays, and we extract the following important obgervatioQS upon 
Ihem : 
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^MThe tpediM of UgU aB w ia i to H miuWiMt 4nt^ for ifti 
perfect honiegeoeltf, and w mmUfi far to pedtteato tk» jpaetiiat 
When the eoltr ipe ct wup, ncelved m e wliitie p^er Ib m4mManSi 
reon^ It viewed thte^gb •■ medewie » f hklmeii ^^ dBeli)*er 4liit 
gisH, cenemed te; euf fe«d glMt ef « talew My per^ «o1m«» it'tidl 
be aeee Tedueed te « pe rf ee tly elieolnr tad we|l<defiMdteig»<tf't 
deep led eoloer. If m pis be new stack in 4lw Mtifenf tbe nU chu 
de it will beiemui-ov flmeoTliif 4iMigle« Aeoi the '«ye^rto JMf 
been fined iar wliil en ordfaMoy cfaBerf er weu id ceihiw eetff /M rt He i 
J tre rfwtfl i Me of the.ied f^rt; end e.meik 9U0My-'WlmtB> glUtokv 
eeederettce, wlU appeer-to He wheUj-witbeotitbee jprnd i e eij enwuf 
the disponed i%ht which esuallj hanga abeat tie ediper; ii»#ifcaa 
wordi, ttie red, tboa inialated, ia ef too liMbla<eelllwwfaMi«iBi91^awer 
te afict the right io die immediate vlciellrf af «ereflier<ttM«MI« 
Haiit T«ya, and eeljjp becoaMS TiAie^ - wtear they «arr aifhigiiriarfi 
or gveetiy enfeebled. To an eye defebded tagreiKhF«giaMi rMmj 
through a prlam with the hugeat lefradiag aogle^ ttm aharp, and 
Am oetHnea of minnte ebjecti aa free from nBbnIoaiiy-Md iadiiUBet^ 
nem, ai if their rajs had amDRered no refradiaD. Theae chewiaial%rfi 
the abaolnte homogeneity of the. wiy i , ' it h eir dtaatloD pracioafy it 
the least refracted limit of the spectrora, and the faciHty with which 
they may be insulated, render them of pecnliar importance as stand-* 
ards of comparison in optical experiments.^' 

^ In this simple and unpretending manner does Mr Herschel an- 
nounce, what we must consider one of the greatest accessions to the 
catalogue of optical facts, which has been made since Newton first 
pointed out the unequal refrangibility of the primary rays. To their 
number Mr Herschel has added another, whose existence had not 
previously been suspected ; in the analysis of light he has detected 
a new ingredient, and has thus found a new and exact means of 
measuring the dispersive powers of different media. To this pur- 
pose he has, at the conclusion of his paper, applied the insulation 
of these extreme red rays, and of the extreme violet; the deviation 
thus obtained, being of course greater for every sort of glass than 
any obtained by former methods, and the measurement extremely 
exacts from the circumstance of the rays being precisely defined and 
truly homogeneous. The method of operating is, we believe, new, 
and very simple. 

^ The utility of the extreme red rays for this purpose is unques- 
tionably very great ; but the fact will be interesting to philosopher! 
in a variety of other points of view. We have already made some 
remarks on the decrease of illuminating intensity in the diffe^ 
ent spaces of the spectrum, from the centre to the extremities ; tbii 
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is closely connected with the existence of invisibly rays. It has 
been ascertained that the eye is somewhat deficient in its power of 
conTOiging red light ; from this cause alone, if the red rays were 
presented to it in an insulated state, the enter part of the red would 
be indistinct, and it would be very probable that certain extreme 
rays might exist which woirid be altogether invisible ; but when the 
rays are presented in juxta-position, the influence of the central rays 
wliich converge at a shorter distance will tend to increase the defi- 
ciency in the perception of the extreme red ; and this would be the 
case on the supposition that all the rays possessed an intrinsic equal 
iliuminatii^ power, and were all of equal density ; but if in this res- 
pect they differ, (as we have seen they do,) the diminution will 
be still more considerable. It would thus be evident, that at what- 
ever distance from the central point the real termination of the 
spectrum were situated, the apparent illuminating powers must de- 
crease by a much more rapid law, than the absolute \ and intrinsic 
Intensities would do ; so that the apparent limit of the spectrum 
would be at a much shorter distance from the point of maximum 
Illumination. 

^ The discovery of the new red rays has, as might be expected, 
excited great interest ; they have been recently examined by Mr 
Powelly who has measured their deviation, and observed them also, 
in the moon^s light In forming the spectrum as in J)r WoUaston^s 
experiment above described, their appearance is remarkably dis- 
tinct; in the spectrum of the blue part of a flame they do not exist, 
although there is much of the more refrangible red.'' — British Critic 
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On the Magnetizing Power. of the more refrangible rays of Light* 

^ Dr MoRicHmi, a respectable physician in Rome, discovered this 
remarkable property of the violet rays. Professor Playfair saw the 
experiment by Dr Carpi, in the absence of Morichini, before a party 
of English and Italian gentlemen. The following account of the 
experiment was drawn up from a conversation which the writer of 
this notice had with that distinguished philosopher, and was after- 
wards submitted to him for his approbation. 

'* The violet light was obtained in the usual manner, by means of 
a common prism, and was collected into a focus by a lens of a suffi- 
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cient sisM:. The needle ivas made ol' toll wire, and was foonJ, upon 
trial, to possess neither polarjiy nor auy power ot' altracting iroo 
filiog^s, It was tixed horizonlHlly upon a support, by means of nai, 
and ill such a directioD as to cut the magnetic meridian at right an- 
gles. The focus of violet rays was carried slowly along the needle, 
proceediiiif from the centre towards one of the extremities, cnre 
being taken never to go buck in the same diri.'clioii, and never In 
touch the other half of the needle. At the end of hulf an hoiir, 
after the needle was exposed to the action of the violet rays, it was 
cnrefully examined, and it had acquired neither polarity, nor aaj 
force of altraclion; but after continuing the operation twenly-GTE 
minutes longer, when it was tiiken olTand placed on its point, it irS' 
veraed with great alacrity, and settled in (he direction of the mag- 
nelical meridian, with the end over which the rays had passed 
turned towards the north. It also attracted and suspended a tmgt 
of iron filings. The extremity of the needle that was expoeed In 
the action of tbe violet rays, repelled the north pole of a compa^ 
needle. This effect was so distinctly niarlted, ag to leave no doubl 
in tho minds of any who were present, (hat the needle bad receired 
its magnetism from the action of the violet rays." 

' Such was the state of this subject when Mrs Someryille direcleJ 
to it her attention ; and it is no slight praise to say, that she hae set 
to rest a question on which the scientitic world was divided, anJ 
that by the sagacity and ingenuity with wliich ebe has eondufteJ 
her experiments, she has rendered visible, evea in our northsin 
climate, one of the most delicate of the magnetic infltwofies, whiolli 
it was agreed on all hands, required for its developement the serene 
sky of an Itali.in climate. 

* The following is a general outline of these interesting ezperi- 

'Having obtained tbe prismatic spectrum by means of an equiai- 
gular prism of flint glass placed in a hole in the window-sbutter, 
Mrs Somerville took a sewing needle, abont an inch long, and eo- 
tirely devoid of magneliam,* Conceiving that no polarity would be 
superinduced if the whole needle were exposed to its action, she 
covered one half of It with paper, and exposed the other half to the 
violet rays of the spectrum cast upon a paimel at tbe djitaoce of fi" 
feet, in about two hours, the ntedk had acquired tnagnetifm, th* (t- 



■ ' This was ascertained hy li« attracting iDdliereall^ either pole of a wnliE 
ne«dl« magnetized in the usiial way, ThismagDclJied oeeille was pushed ll>rQD|l> 
a piece of cork, in which wai iaierled a glaas cap, end it was in that slate nx^ 
to revolve ireely on the point of another sewing needle.' 



posed end exhibiting north polarity. This experiment was often 
repeated, and always with the same result. 

^ By a similar process, Mrs Somerville ascertained that the indigo 
rays had nearly as great an effect afs the violet,^ and that the blue and 
green rays likewise produced the same effect, though in a less de- 
gree. 

^ Mrs Somerville next tried the yell(yw<, orange, and red rays, but 
neither in them nor in the calorific rays, was the slightest effect 
produced, even when the experiments were continued for three 
successive days. 

' Mrs Somerville now applied the same method to pieces of clock 
and watch springs^ abeut 1| inches long, and from j- to ^ of an inch 
broad,'*^ and they were A)und to receive a stronger degree of mag- 
netism from the violet rays, an effect which was attributed to their 
blue colour, and their greater extent of surface. Bodkins were not 
affected. When the violet ray was concentrated by a lens, the mag- 
netic influence was imparted to the needles in a shorter time. 

,* In order to give additional confirmation to these results, Mrs 
Somerville exposed unmagnetized needles, half covered as formerly, 
to the sun^s rays transmitted through glass coloured blue by cobalt, 
and they were distinctly magnetized as before. Needles exposed 
under green glass received the same property. 

^ Mrs Somerville now enolosed unmagnetized needles in pieces of 
blue and green ribband, one half of each being covered with paper, and 
after they had hung a day in the sun^s rays behind a pane of glass, 
they had acquired magnetic polarity, the exposed ends being north 
poles, as in the former experiments. When red, orange, or yellow 
ribband' was used, no magnetic influence was imparted. 

' In performing these experiments, Mrs Somerville found that the 
most favourable time of the day was from ten to one o'clock ; and 
that, as the season advanced, the magnetism acquired was less per- 
manent, as the needle required a longer exposure to acquire the 
same degree of magnetic virtue.' — Edinburgh Journal of Science for 
1826. 



* * When these possessed any magnetism , it was removed by heating.' 







PVIIl. 
Of the Colours of Strialtd Surfaces. 

It is well known that beautiful colours are produced upon 
polished siirfuces by means of fine lines or scratches. ' Boyle appears 
to have been the first that observed these phenomena. Newton has 
not noticed them. Mazeas and Mr Brougham have made some ex- 
periments on the subject, yet without deriving any satisfactory con- 
clusion. But all the varieties of these colours are very easily dc- 
- duced from the theory undulations. 

'Let there be, in a given plane, two reflecting points very neai 
each other, and let the plane bo so situated that the reflected image 
of a luminous object seen in it may appear to coincide with the 
, ' points ; then it is obvious that the length of the incident and roQecl- 
ed ray, taken together, is equal with respect to both points, considet. 
ing tbem as capable of reflecting in all directions. Let one of the 
poinis be now depressed below the given plane ; then the whole path 
of the light, reflected from it, will be lengthened by a line which ii 
to the depression of the point as twice the cosine ofiacidence to the 
F^ )*1- radius. 

' [T, thererore, equal undulations of given dimensions be reflected 
from two points situated near enough lo appear to the eye but a 
one, wherever this line is equal to half the breadth of a whole undu- 
lation, the reflection from the depressed point will so interfere with 
the reflection from the fixed point, that the progressive m.olion o( 
the one will coincide with the retrograde motion of the other, asi 
they wiJI both be destroyed ; but, when this line is equal to tbe 
whole breadth of an undulation, the effect will be doubled ; and 
when to a breadth and a half, again destroyed ; and thus for acoD- 
siderable number of alternations ; and if the reflected undulations be 
of diflerent kinds, they will be variously afiected, according to their 
proportions to the various lengths of the line which is the difference 
between the lengths of their two paths, and which may be denomi- 
nated (he interval of retardation. 

' In order that the efiect may be the more perceptible, a number 
of pairs of points must be united into two parallel lines ; and, if mv- 
erat such pairs of^nes be placed near each other, they will facilitate 
the observation. If one of the lines be made to revolve round lie 
other, as an aiis, the depression below the given plane will be as tbe 
siae of the inclinatioa; and while the eye and luminona object n- 
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main fixed, the difierence of the lengths of the paths will vary as 
this sine. 

^ The best subjects for the experiment are Mr Coventry's exquisite 
micrometers ; such of them as consist of parallel lines drawn on 
glass, at the distance of one five hundredth of an inch, are the most 
convenient. Each of these lines appears under a microscope to con- 
sist of two or more finer lines, exactly parallel, and at the distance of 
somewhat more than a twentieth of that of the adjacent lines. ^' I 
placed one of these," says Dr Young, " so as to reflect the sun's 
light at an angle of 45^, and ^ed it in such a manner, that while it 
revolved round one of the lines as an axis, I could measure its angu- 
lar motion ; and I found that the brightest red colour occured at the 
inclinations 10^^, 20j°, 32^, and 45^ ; of which the sines are as the 
numbers 1, 2, 3, and 4. At all other angles also, when the sun's 
light was reflected from the surface, the colour vanished with the 
inclination, and was equal at equal inclinations on either side. 

^ ^^ It is not improbable that the colours of the integuments of some 
insects, and of some other qatural bodies, exhibiting in diflerent lights 
the most beautiful versatility, may be found to be of this description, 
and not to be derived from thin plates. In some cases, a single 
scratch or furrow may produce similar efiects by the reflections of its 
opposite edges." ' — Yotmg^s Nat Phil. vol. ii, p. 625. 
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Oftht Rrfratlivc cmd Dispersive Poirers of different Snhsitmcti, 
with their Densities compared icith that of U'ater, icbicli is 
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The borrower must return this item on or befwe 
the last date stamped below. If another user 
slaces a recall for this item, the borrower wil 
X notified of the need for an earlier return. 

Son-receipt of overdue notices docs not exempt 
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